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The coupling between ferroelectric order and magnetic order, which gives rise to 
magnetoelectric multiferroic behaviour, attracts considerable research activities 
recently. The renaissance of multiferroic research arises mainly from the study on the 
only known single phase multiferroic material at room temperature - Bismuth Ferrite 
(BiFeO3
This thesis focuses on the investigation into crystal structures and ferroelectric 
behaviour of different phases in BFO epitaxial thin films. Firstly, the crystal structure 
and strain effect on ferroelectric performance of BFO thin films deposited on 
SrRuO
, or BFO). Even though intensive efforts have been dedicated to epitaxial BFO 
thin films, the relationship between the crystal structure and physical behaviour of 
BFO is still not clear, owing to the rich crystallographic phases and the complicated 
balance between different physical orders in BFO system.  
 
3-buffered SrTiO3 (STO) (001) substrates were investigated. For the 
30-nm-thick BFO film, the crystal structure is a fully strained tetragonal phase with 
small c/a ~ 1.05. A unique twinning rotation structure with a monoclinic symmetry was 
identified for BFO films with thickness from 180 to 720 nm. Concerning the strain 
effect on ferroelectric polarization, our investigations demonstrate that remanent 




dependent on the body diagonal length of distorted pseudocubic unit cell, which is 
along the polarization direction.  
 
Secondly, the super-tetragonal BFO phase was studied via two approaches. The first 
approach is to form BFO films on STO (001) substrates using high sputtering power 
above 150 W. Systematic structure analyses show that the parasitic β-Bi2O3 (BO) phase 
is the origin for the formation of super-tetragonal BFO phase when deposited at high 
sputtering power on STO substrates. By employing BO as a buffer layer, 
super-tetragonal phase BFO can be grown at low sputtering power on STO substrates. 
The second approach is to distort BFO lattice by substrates with large compressive 
strain above ~4.5%. For the ultrathin BFO film below 10 nm grown on LaAlO3 (001) 
substrates, a monoclinic MA structure with a giant c/a is developed. The large 
compressive strain of ~7% from NdCaAlO4
The results obtained in this project help to improve the understanding of BFO crystal 
structures under different growth condition and strain state. The ferroelectric behaviour 
of monoclinic phase BFO supports the microscopic origin of ferroelectric polarization 
from the ionic displacement induced dipole moments. This project provides two 
general routes to stabilize the promising super-tetragonal phase in BFO epitaxial thin 
films, which facilitates the searching for improved performance in BFO-based systems.
 substrate constrains BFO into a strictly 
super-tetragonal phase for the film thickness of ~30 nm.  
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Chapter 1. INTRODUCTION 
 
1.1 Ferroelectricity and Ferroelectric Materials  
 
Ferroelectricity, as a topic in classical condensed matter physics, is theoretically 
interesting due to the unique hysteresis behaviour under electric field [1]. It is the 
electrical counterpart of ferromagnetism. Ferroelectric materials are also practically 
attractive because of their wide applications, for example in high dielectric constant 
capacitors, piezoelectric transducers, nonvolatile random access memories, and sensor 
devices [2]. In addition, ferroelectric materials have been employed to replace inactive 
dielectric counterparts in traditional electronic devices to achieve smart devices [3]. A 
number of novel applications are also emerging, for example, combing ferroelectricity 
and magnetic properties into a single phase material promises the generation of 
multifunctional spintronic devices [4].  
 
Definition of Ferroelectricity 
 
For a material to be considered ferroelectric, it must possess two or more stable states of 




reversibly by an external electric field [1]. The main characteristic behaviour of 
ferroelectrics is the hysteresis loop of polarization as a function of the applied electric 
field. From the hysteresis loops, critical parameters such as the spontaneous polarization 
Ps, remanent polarization Pr and coercive electric field EC can be derived (Figure 1.1), 
which are important for the applications in electronic devices. Another important 
characteristic of ferroelectricity is its temperature dependence. For a given ferroelectric 
material, above the Curie temperature TC, the ferroelectric polarization would be lost 
and the ferroelectric state would transfer to a non-polar paraelectric state. Hence, in 
order for ferroelectrics to work properly at room temperature, it is essential for the 
material to possess a TC
 
 well above room temperature.  
 
Figure 1.1  Ferroelectric hysteresis loop illustrating the spontaneous polarization Ps, 




Ferroelectricity and crystal structure are intimately coupled. From crystallographic point 
of view, only those materials lacking the centro-symmetry can be polar and exhibit 
spontaneous electric polarization. Otherwise, the polar state would cancel each other. 
Within the thirty-two crystallographic point groups, only ten of them have a unique 
polar axis. Normally, the crystal structure changes from the centrosymmetric to 
non-centrosymmetric phase, corresponding to the transition from paraelectric phase to 
ferroelectric phase. Therefore, the ferroelectric phase transition is also known as 
symmetry breaking transition and the paraelectric phase as the high-symmetry reference 
structure. The ferroelectric crystal phase can be understood as a distortion along certain 
direction of the unit cell of these reference structures. For example, BaTiO3
Thermodynamically, the basic properties of ferroelectric materials result from the 
 exhibits a 
cubic structure for the paraelectric phase above 120 ˚C and a tetragonal structure for the 
ferroelectric phase at room temperature [5]. In this case, the distortion along c axis 
breaks the centro-symmetry, resulting in the atomic shift following this direction. For 
this reason, a thorough investigation into the crystal structure is essential in 
understanding the origin of ferroelectricity, which provides directions for optimizing 
ferroelectric properties by properly tuning crystal structures.  
 





double well potential in the diagram of free energy as a function of polarization 
(Figure 1.2). As the temperature increases, the ferroelectric phase would evolve into a 
high symmetry paraelectric phase with a single minimum for the free energy. There are 
two different mechanisms of temperature dependent phase transition. The first one is 
the order-disorder phase transition, in which the shape of the potential well is 
independent of temperature and the kinetic energy at high temperature creates a 
disorder state of ion positions above the transition temperature. The second one is the 
most common phenomena in ferroelectrics- the displacive phase transition. In this case, 
the shape of potential changes with temperature and has a single minimum above the 
phase transition temperature. The displacive phase transition is well described by 
Landau-Devonshire theory [6], which is briefly discussed in the following paragraph. 
 
 







In the Landau-Devonshire theory, it is assumed that the free energy F of a 
thermodynamic stable system can be expanded in a power series of specific order 
parameters [7] . For a bulk ferroelectric system, these order parameters are the 
polarization P, electric field E, and temperature T. If one assumes the origin of the 
energy of the unpolarized and unstrained ferroelectric crystal to be zero, the free 







1),,( cPbPaPEPTEPF +++−=  .                              (1.1) 
The coefficient )( 00 TTaa −= , which is a necessary result of the mean field theory 
supported by experimental observations. The free energy is minimized in the thermal 





F .                                                           (1.2) 
This shall give               
53 cPbPaPE ++= .                                                 (1.3) 
The coefficient b here determines the order of paraelectric to ferroelectric phase 
transition. When b is positive, the phase transition is a continuous second order 
transition. At zero electric field, one can obtain  
)( 000 TTb
aP −= .
                                                  
(1.4) 
The change of free energy and polarization are plotted in Figure 1.3 (a). In this case, 




first order discontinuous one. Polarization can be derived from  
0)( 5300 =++− cPbPPTTa .                                          (1.5) 
The first and second order phase transitions described by Landau theory are shown 
schematically in Figure 1.3. 
 
 
Figure 1.3 Plot of free energy as a function of polarization, spontaneous polarization as 
a function of temperature, susceptibility and its inverse as a function of temperature for 






Ferroelectric Materials  
 
There are several families of ferroelectric materials. In the 1920s, the first discovery of 
ferroelectricity was from the Rochelle salt, which has hydrogen bonds [8]. Due to the 
water soluble and fragile, the early family of hydrogen containing ferroelectric 
materials is not of much interest to researchers. Later, during World War II, the 
discovery of BaTiO3 opened the door for the most technologically important family of 
ferroelectric materials- the perovskites. The simple structure and robust physical 
properties of perovskite ferroelectric materials stimulated both theoretical work and 
device development [2]. Until today, the most studied family of ferroelectric materials 
is still the pervoskite oxides. The dominant material for the application in sensors and 
actuators is lead titanate zirconate (PZT), which is a typical perovskite solid solution [9]. 
A recent direction for the searching of ferroelectric materials focuses on lead-free 
candidates, as lead containing materials are considered environmentally harmful. The 
alkaline niobate-based perovskite solid solution, as a lead free ferroelectric ceramic, 
provides comparative performance with the PZT family [10]. One more recent 
development of ferroelectric materials is to combine ferroelectric properties with 
ferromagnetic, ferroelastic properties to achieve the so-called “multiferroic” materials 




interesting as it is the only single phase material that is both a strong ferroelectric and 
antiferromagnetic at room temperature [12]. This thesis focuses on the epitaxial thin 
films of this new generation of multifunctional material. In Section 1.2 below, a 
detailed review of multiferroic materials and BFO is given. 
 




Multiferroic materials, which show simultaneously ferroelectric, ferromagnetic and 
ferroelastic behaviour, attract considerable attentions recently [13]. Magnetoelectic (ME) 
materials are among an important class of multiferroics, showing ferroelectric and 
magnetic orders. On the one hand, the ME material promises wide applications in 
industry. Particularly, due to the interactions between magnetic and electric 
polarizations, it has promising applications in data storage allowing the electric 
field-controlled switching of magnetization and vice versa. On the other hand, these new 
multifunctional materials give rise to new physical phenomena, such as the phase 
transition under magnetic and electric fields and magnetoelectric interactions at the 
atomic scale. Indeed, there has been a revival of interest of in this field in recent years 




ME materials [14]. Theoretically, the mechanisms driving ferromagnetism and 
ferroelectricity at atomic scale are mutually exclusive. In conventional ferroelectric 




, the off-centering of cation requires empty d orbitals, while 
the formation of magnetic moment needs partially filled d orbital.  
 
There are generally two approaches to design and look for materials with strong ME 
coupling. The first one is to combine piezoelectric and magnetostrictive materials 
together to realize the ME coupling mediated by strain [15]. The concept of two phase 
composite magnetoelectrics was first proposed by Van Suchtelen in 1972 [16]. Neither 
the piezoelectric nor magnetostrictive material shows ME effect, however, the 
composite consisting of the two phases shows good ME effect. The overall ME effect 
is caused by the product tensor property, 
.                                        (1.6) 
An electrical field applying to the composite will induce stain in the piezoelectric 
component, which is passed on to the magnetostritive material, where it causes 
magnetic moment. Similarly, applying a magnetic field will cause electrical 
polarization. Therefore, the ME effect is realized in these 
piezoelectric-magnetostrictive composite materials through the bridging of strain.  
 




single phase magnetoelectric that creates new physical phenomena and contributes to 
the basic understandings. However, as mentioned above, the single phase 
magnetoelectric materials are very rare in nature due to the mutually exclusive 
mechanisms of ferroelectricity and ferromagnetism [14]. In the conventional model 
ferroelectric materials, such as BaTiO3 or PbTiO3, the hybridization between the 
titanium 3d states and the oxygen 2p states is essential for stabilizing the ferroelectric 
distorted state. So, the empty 3d orbital is required for ferroelectricity, which is in 
contradiction with the requirement of partially filled 3d orbital for ferromagnetism. To 
allow for the coexistence of ferroelectric and magnetic ordering in one phase, new 
ferroelectric mechanisms in which the polar state is stabilized by other driving forces 
have been developed over the past decades [17]. There are generally five different new 
origins of ferroelectricity found in crystals [18]. The ferroelectricity is driven by lone 
pair electrons of A-site cation [19], geometrically frustration from long range 
dipole-dipole interaction [20], charge ordering [21], magnetic long range order [22], 
and order-disorder hydrogen bonding transition in Metal-Organic Frameworks [23], 
respectively in each type of multiferroic materials. Bismuth ferrite belongs to the first 
type of single phase magnetoelectric materials, in which the two lone pair valence 
electrons in 6s orbital of Bi drive to the off-center polar state of crystal and result in 





Bismuth Ferrite (BFO) 
Among the different types of multiferroics discussed above, BFO is the only single 
phase that is both strong ferroelectric and magnetic at room temperature [12]. Indeed, 
due to the promising multi-functional applications, numerous studies have been 
published over the last decade, where investigations have been made into the 
magnetoelectric mechanisms and improvement in the coupling between magnetic and 
ferroelectric orders. The following descriptions are devoted to give a brief introduction 
on the crystal structure, ferroelectric, magnetic, piezoelectric properties, ME coupling 
and photovoltaic effect of BFO.  
 
Bulk BFO belongs to R3c space group, with the lattice parameters of a = 5.6343 Å and α 
= 59.348° in rhombohedral unit cell [24]. Also, it can be expressed in hexagonal unit cell, 
a = 5.5787 Å and c = 13.8688 Å. This structure can be seen as a rhombohedrally 
distorted perovskite structure, with lattice parameters a = 3.965 Å, α = 89.45°, which is 
often used in literature as “pseudocubic unit cell” to conveniently index the crystal 
planes. A schematic diagram of BFO unit cell in different crystal system is shown in 
Figure 1.4. Due to the counter-rotation of oxygen octahedron along 3-fold axis along 
[001] direction in hexagonal system, the primitive unit cell contains two formula units 
with ten atoms. The iron atom is shifted away from the center of oxygen octahedron by 





Figure 1.4 Schematic diagram of the crystal structure of BFO in hexagonal unit cell, 
rhombohedral unit cell (thin lines) and pseudocubic (pc) unit cell (thick lines). 
 
The ferroelectric polarization of BFO is along the body diagonals of pseudocubic 
perovskite unit cell, which is the [001] direction in hexagonal unit cell. As the 




to exhibit a large polarization. However, early work on single crystal BFO yielded only 
very small values of electric polarization (~ 6 µC/cm2) [26]. The authors explained that 
their samples were not in saturation of polarization owing to large leakage. The first 
experimental confirmation of the large remanent polarization was done by Wang et al. 
in 2003 [27]. The follow-on works on single crystal [28] and ceramics [29] have also 
demonstrated the intrinsic ferroelectric behaviour of rhombohedral BFO, with 
approximately 100 µC/cm2 along [111] in pseudocubic unit cell and 60 µC/cm2  
projected to [001] 
BFO is a G-type antiferromagnet, in which each Fe
oriented epitaxial film or single crystal. This large polarization has 
also been predicated by the first principle calculation, which is in agreement with the 
experimental results [7]. 
 
3+ spin is surrounded by six nearest 
antiparallel spins [30]. The magnetic phase transition temperature, Neel temperature, is 
about 643K [27]. Due to local magnetoelectric coupling, the spins possess a weak 
canting moment instead of being perfectly antiparallel. This leads to a long-range 
superstructure of an incommensurate spin cycloid with a repeat distance of about 62 
nm. In the first report by Wang et al. [27], it was shown with a very large magnetic 
moment of about 1.0 Bohr magneton (µB) per unit cell. However, later works have 
confirmed that the intrinsic magnetization of thin films is about 0.02 µB/cell [11, 31]. 




sample. The weak magnetic properties impede the device applications of BFO. To 
improve the magnetic properties, numerous works have been done by doping rare earth 
elements or by forming solid solutions with ferromagnetic phases [32, 33]. 
 
The attractive point of BFO as a piezoelectric material as compared to the widely used 
Pb(Zr,Ti)O3 is its lead free in composition and therefore environmentally friendly. Its 
piezoelectric coefficient d33 value is about 70 pm/V [27], which is much smaller than 
those of other perovskite compounds (100-1000 pm/V) [12]. A morphotropic phase 
boundary (MPB) has recently been reported in (Bi, Sm)FeO3 solid solution, showing a 
higher d33 value of about 110 pm/V at 14% of Sm [34]. It is likely that similar behaviour 
at MPB between BFO and other orthorhombic ferrites may also exist, which could 
potentially enhance the piezoelectric property of BFO. 
 
As a result of the spin cycloid in BFO, the linear ME coupling between polarization 
and magnetization is averaged to zero [12]. The observed ME coupling is however of 
higher order. The ME coupling coefficient is about 3 V/cm Oe at zero magnetic field 
[27]. Zhao et al. have reported a correlation between the ferroelectric and 
antiferromagnetic domains [35]. The magnetic-easy plane can be changed by switching 
the polarization by 180°, which shows the possibility of electric control of 




Recently, an interesting new phenomenon of BFO-diode effect was reported by T. Choi 
et al. [36]. The direction of diode effect of a single crystal BFO of single domain can 
be reversibly controlled by switching the ferroelectric polarization. A substantial 
photovoltaic current was also observed under the illumination of a linearly polarized 
light. This opens a new possibility of combing ferroelectric and semiconducting 
properties of this material, further increasing the multi-functional applications of BFO. 
For the photovoltaic effect of BFO epitaxial thin films, above bandgap voltage was 
reported with proposed new photovoltaic origin from domain walls [37]. However, the 
evidence of bulk photovoltaic effect was also reported in BFO thin films [38, 39]. 
Indeed, the research in this field of ferroelectric photovoltaic mechanism is still in the 
initial stage at this moment and improvement of performance is required for the 
practically useful application in solar energy conversion.  
 
1.3 Literature Review 
 
1.3.1   Strain Engineering of Ferroelectric Thin Films 
 
Strain, a second-rank tensor describing the deformation of a material, is a very 




epitaxial thin films. This is known as “strain engineering” of ferroelectric thin films. 
The successful growth of highly quality ferroelectric thin films on suitable substrates 
has demonstrated that appropriately strained ferroelectric thin films can exhibit 
properties that are much better than those of their bulk counterparts [40]. For epitaxial 
layers, with in-plane lattice fully strained on single crystal substrates, the in-plane 





=ε .                                                  (1.7) 
Depending on the relative size of the lattice between film and substrate, the misfit 
strain can be either compressive with a negative ε or tensile with a positive ε. Besides 
the lattice mismatch between film and substrates, the different thermal expansion 
coefficient can also give rise to strain, as most of the films undergo heat treatment 
during growth and annealing.  
 
The quality of the single crystal substrates affects the film quality and orientation. 
Previous research on high temperature superconductors and semiconductors stimulated 
the development of perfect single crystal substrates with perovskite structure. Table 1 
gives a list of substrates for the epitaxial growth of ferroelectric thin films, with the 
misfit strain with BFO given. With these high quality substrates available, a lot of 
work has been done on the strain engineering of both BFO and other ferroelectric 




Table 1  List of available substrates for epitaxial growth of ferroelectric thin films 
 
 
Previous studies on strain effect on ferroelectrics 
 
The effect of strain on ferroelectric properties of materials has been widely reported in 
the literature. Here we focus on reviewing a couple of typical examples. Epitaxial 
tensile strain of 1% from DyScO3 substrate has been shown to increase the Curie 
temperature by hundreds of degrees and produce room temperature ferroelectricity in 




property and phase by strain at room temperature, as the strain drives the paraelectric 
phase to ferroelectric phase. The high dielectric constant of SrTiO3 thin film at room 
temperature and its electrical field dependence promise future device applications. In 
the prototypical ferroelectric material BaTiO3, compressive strain greatly enhances the 
tetragonal c/a ratio and ferroelectric polarization [36]. There is a 250% increase in 
polarization and 500 °C increase in transition temperature of BaTiO3 thin film under 
only 1.7 % compressive strain, demonstrating the strong sensitivity of ferroelectric 
properties on strain state. A further example of strain effect on ferroelectric behaviour 
is the development of superlattices, which are formed by alternating growth of 
epitaxial layers of two or three materials. Superlattices provide the potential to grow 
coherent films at larger thickness than epitaxial single layer film, because the 
superlattice structure impedes the formation of dislocations.  Bousquet et al. [42] 
reported the improper ferroelectricity in PbTiO3- SrTiO3 superlattice with large 
temperature independent dielectric constant, which is different from PbTiO3 and 
SrTiO3
To understand the strain effect, various theoretical approaches have been developed, in 
which the first principles calculation and phase field simulation based on Landau 
.  
 





theory are most widely used [40]. The advantage for the first principles calculation is 
that it can predict the atomic arrangement in the unit cell and ferroelectric properties 
without input of experimental data. However, this method can only handle the 
calculation of less than 100 atoms, which is not able to reach the macroscopic 
ferroelectric domain level. With the input results from the first principles calculation, 
the phase field simulation can predict the domain configuration and ferroelectric 
properties and their dependence on temperature, strain, electrical boundary conditions 
[43-45].  
 
The theoretical models not only help the experimentalists to interpret the experimental 
data, but also indicate new research directions by precise prediction of new physical 
properties within available experiment conditions. For examples, as mentioned above, 
the ferroelectric behaviour of SrTiO3 thin film at room temperature is first predicted by 
Perstev et al. [46] and then demonstrated experimentally by Haeni et al. [41]. The 
strain-phase diagram, which gives the information on the effect of biaxial strain and 
temperature on ferroelectric transitions and domain structures, has been theoretically 
predicted for BaTiO3, PbTiO3, Pb(Zr1-xTix)O3 thin films [45, 47]. The development of 
new algorithms and improvement of calculation ability of computers will continue to 
advance the basic understanding and help to pave the way for experimental 




Strain engineering of BiFeO3 epitaxial thin films  
The first experimental demonstration of large ferroelectric polarization of 60 
µC/cm2 
Although the strain does not greatly improve the ferroelectric performance of 
rhombohedral phase, BFO does show a rich phase diagram for strain varying from -7% 
to +7%. In epitaxial thin films, BFO crystal structure could be stabilized in several 
different crystal systems, including monoclinic (M
for BFO is from epitaxial thin films [27], which is ten times larger than the 
bulk BFO single crystals previously reported [26]. This fact naturally drives the 
authors to believe that it is the enhancement from the strain effect, as the BFO film is 
grown on STO substrates with a misfit compressive strain of 1.5%. However, the 
similar polarization value reported later in high quality single crystals and ceramics 
demonstrates the large polarization is the intrinsic behaviour of BFO [28, 29]. In 
addition, the first principles calculations also predicted the strain independence of 
rhombohedral phase BFO epitaxial thin films within the stain range of ±3% [48].  
 
A, MB & MC), tetragonal, 
rhombohedral, orthorhombic and even triclinic. This drives BFO as an ideal model 
material for the strain engineering study. In Figure 1.5, the summary of strain phase 
diagram is given for (001) oriented BFO epitaxial thin films. With increasing in-plane 
compressive strain, the BFO phase changes from monoclinic MA to monoclinic MC 






, then to Orthorhombic (O) phase. In the next section, detailed review on the 
crystal structures for each of these BFO phases will be presented.  
 
Figure 1.5 Strain phase diagram of epitaxial BFO films in (001) orientation.  
 
1.3.2   Crystal Structure of Epitaxial Bismuth Ferrite Thin Films 
 
For ferroelectric materials in monoclinic phase, three types of monoclinic structure 
have been classified according to their space groups and polarization directions [49]. 




group of Pm. The differences among these three monoclinic structures are illustrated in 
Figure 1.6.  For MA and MB phases, the monoclinic distortion is along the [110] 
direction of the pseudocubic lattice, which are shown by the arrow in Figure 1.6 (a). 
This leads to the in-plane lattice parameters of monoclinic phase to be around √2 
times of the pseudocubic cell. For MC phase in Figure 1.6 (b), the monoclinic 
distortion is along the [100] direction of the pseudocubic lattice, resulting in a similar 
lattice dimension of MC lattice with the pseudocubic lattice. The difference between 
MA and MB phase is shown in Figure 1.6 (c). The MA phase is formed when the 
in-plane strain is compressive, while the MB phase is produced in tensile strain 
condition. This gives rise to a/√2c < 1 for MA phase and a/√2c > 1 for MB phase. 
This notation of these three monoclinic phases will be used through this thesis.  
 
Monoclinic MA
The most extensively studied BFO epitaxial thin films are grown on cubic STO (001) 
single crystal substrates. The compressive epitaxial strain of ~ 1.5% from STO 
substrates contracts the in-plane lattice and elongates the out-of-plane lattice constants. 
For the in-plane fully strained film with film thickness of less than 50 nm, the coherent 
constraint from cubic STO lattice forces BFO to be in tetragonal symmetry [10]. This 
tetragonal phase has a small c/a ratio around ~ 1.04, as compared to the giant c/a ratio 





around ~ 1.25 of the super-tetragonal BFO phase [50]. As the film thickness increases, 
the in-plane compressive strain relaxes and the crystal structure has a tendency to shift 
back to the low energy bulk rhombohedral phase. In the thickness range of hundreds of 
nanometers, the partially relaxed film shows a monoclinic MA structure, which was 
demonstrated by the unique splittings of diffraction peaks in reciprocal space mappings 
(RSMs) [10, 51]. Finally, for the very thick film of around 2 μm, the substrate strain is 
fully relaxed and the crystal structure changes back to the bulk rhombohedral 







Figure 1.6 The monoclinic distortion from high symmetry cubic unit cell for MA and MB 
phase (a) and MC phase (b). The cross sectional view of lattice in ac plane, showing the 
difference between MA and MB phase (c). 
 
Monoclinic MC
Larger compressive strains of ~ 4.5 % elongate the out-of-plane dimension of the BFO 
lattice greatly, from 4 Å to 4.6 Å, for BFO epitaxial thin films grown on LaAlO






(001) and YAlO3 (YAO) (110) substrates [52]. For BFO films deposited on LAO 
substrate, both Raman and X-ray studies show a monoclinic distortion for BFO lattice, 
which gives a MC structure [50, 53]. This MC phase is called “tetragonal-like”[52], 
because it has a similar unit cell and a big out-of-plane lattice constant of around 4.6 Å. 
With similar reasons, MA phase is called “rhombohedarl-like” because of the close unit 
cell dimensions with bulk rhombohedral phase. According to the first principle 
calculations, a super-tetragonal BFO phase with giant c/a ~ 1.25 could be formed at 
in-plane compressive strain above 4.5 % [54]. It is expected that the BFO film with 
strict tetragonal symmetry with P4mm space group can be obtained on substrates with 
in-plane lattice parameter smaller than LAO. Experimentally, it was found that 
Ba-doped BFO film is in super-tetragonal phase on LAO substrate, as a result of the 
additional stress from chemically doping of Ba atom with larger atomic radius [50].   
  
Monoclinic MB
Having studied the compressively strained BFO films, scientists are looking at the 
possibility of developing new phases and novel properties at the tensile strain side of 
BFO epitaxial thin films. Tensile strain leads to the shrinkage of the out-of-plane 
dimension and elongation of the in-plane length of BFO lattice. Monoclinic M
 and orthorhombic phase under tensile strain  
 
B BFO 




NdScO3 [55]. While an extremely large tensile strain of around 8% could lead to an 
orthorhombic phase in Ima2 space group with only in-plane polarization, as predicted 
by first principles calculations [56]. To create such large tensile strain, MgO is the only 
available substrate with the largest in-plane lattice constant, as can be seen from Table 
1. However, the BFO film deposited on MgO substrates show a low crystallinity and 
poor epitaxial quality, due to the mismatch of perovksite structure of BFO with 
rock-salt structure of MgO [57]. Until now, this predicted orthorhombic phase has not 
been demonstrated experimentally.    
 
Monoclinic MB
Although most of the epitaxial BFO thin films reported in the literature are grown in 
(001) directions, substrates with other orientation strain the film in different ways, 
which may produce new crystal phases, domain structures and improved properties 
[58]. For BFO films with the film thickness of ~200 nm grown on STO substrates with 
(110) orientation, experimentally the structure was determined to be a ground state M




phase [59]. However, a recent first principles calculation predicted two paraelectric 
orthorhombic phases for compressive strained BFO films in (-110) orientation [60]. 




occurs as the compressive strain in (-110) orientation increases to 1.6%. Interestingly, 
this Pnma phase is the same as the high temperature paraelectric phase of BFO as 
proven by temperature dependent structure studies by neutron diffractions [61]. This is 
a strain driven paraelectric phase of BFO from ferroelectric phase, as a reverse 
example of what happened in STO thin films [41], showing the strong effect of strain 
on ferroelectric properties. The second phase transition under compressive strain of 
around 7% in (-110) orientation produces a new orthorhombic phase P212121
Bulk BFO exhibits a R3c space group with the rhombohedral symmetry [24]. The 
rhombohedral distortion of perovskite structure can be seen as the elongation along the 
(111) direction of cubic unit cell. Therefore, the strain along (111) direction only 
modifies the lattice constant while the crystal symmetry will remain as rhombohedral 
as the 3-fold symmetry axis is not destroyed. Experimental structural study on BFO 
, which is 
also a paraelectric phase without ferroelectric polarization in any direction. More 
experimental results for BFO films in (110) orientation are expected to confirm these 
prediction of new phases, as well as novel properties. The investigation into the 
orthorhombic phase is indeed only in its infancy, with fascinating stories being 
expected in the near future. 
 





films deposited on STO (111) substrates shows indeed a rhombohedral phase with 
lattice constants very close to bulk BFO [20]. Unlike BFO films in other orientations 
with complex domain structure, the rhombohedral phase in thin film form has only a 
single domain without any ferroelectric or ferroelastic domain walls, which is an ideal 
platform to study the intrinsic properties of BFO [58].  
 
1.3.3   Ferroelectric Property of Epitaxial Bismuth Ferrite Thin Films 
 
Ferroelectric behaviour of bulk BiFeO3 
The first work on the ferroelectric behaviour of BFO
single crystal  
 
Bulk single crystals are commonly employed to study materials’ properties, as they are 
simple compared to ceramics and thin films. Before looking at the ferroelectric 
behaviour of BFO thin films, it would be useful to review the studies on single 
crystals.  
 
 single crystal was done in 1970, 
where a spontaneous polarization of 3.5 μC/cm2 along <001> direction of pseudocubic 
unit cell was measured [26]. This value is surprisingly small as the ferroelectric Curie 
temperature is high and the atomic displacement is large for BFO. The authors claimed 




The growth of high quality single crystal of BFO was not of much interest to scientists 
until the report of a large spontaneous polarization of 50 μC/cm2 along <001> direction 
in epitaxial thin films [27]. Due to the highly volatile Bi, the composition of single 
crystal BFO is difficult to control. The parasitic phases produced during single crystal 
growth lead to high conductivity which prevents the ferroelectric measurement. In 
2007, Lebeugle et al. reported a polarization value close to 60 μC/cm2 along <001> 
direction in BFO single crystal with high electrical resistivity [28]. This work serves as 
a sound evidence for the intrinsic ferroelectric property of BFO. Later in 2011, a new 
laser-diode heating floating-zone method was developed to grow highly insulating 
BFO single crystals [10]. The corresponding ferroelectric measurement also confirmed 
the large spontaneous polarization.   
 
Ferroelectric behaviour of monoclinic phase BiFeO3
The current on-going intensive interest with BFO
 thin films 
 
 is mainly stimulated by the Science 
paper published in 2003 by Ramesh’s group [27], which demonstrated an unexpected 
large polarization and multiferroic behaviour of BFO epitaxial thin films at room 
temperature. In their work, the BFO epitaxial thin films were grown on SrRuO3 
(SRO)-buffered SrTiO3 (STO) (001) single crystal substrates. The crystal structure of 




of substrate. Initially, the large polarization measured in BFO epitaxial thin film was 
considered to be the strain effect, as previous bulk single crystal only produced 15 
times smaller polarization value. However, the thickness independence of polarization 
[62] and similar large polarization measured in high quality BFO single crystals [28] 
confirm that the strain does not play a critical role here. Instead, the large polarization 
value is an intrinsic behaviour of BFO.  
 
Ferroelectric behaviour of super-tetragonal phase BiFeO3 thin films 
 
An interesting phase of BFO thin film is the super-tetragonal phase. This phase is 
called super-tetragonal because it has a giant c/a of ~1.25, much larger than ~1.05 for 
the normal tetragonal phases. This giant tetragonal ratio would lead to a giant 
polarization value of ~150 μC/cm2
There are two approaches in the literature to obtain this super-tetragonal phase. The 
first approach is to grow films at high growth rate. Yun et al. [38] reported a giant 
polarization of ~150 μC/cm
 along <001> direction from theoretical calculations 
[54], almost three times larger than that of the monoclinic phase.  
 
2 in polycrystalline BFO films deposited on Si substrates at 
temperature of 90 K. To identify the origin of this giant polarization, they deposited 




rise to a tetragonal phase with c/a of ~1.26 [63]. From the first principle calculations, 
the authors suggested that this giant tetragonal c/a ratio should produce large ionic 
off-centering, resulting in the giant polarization. The second approach is strain 
engineering. In fact, the super-tetragonal phase of BFO is a fascinating example of the 
power of strain engineering. Above the compressive strain of ~ 4.5%, the lowest 
energy phase for BFO epitaxial thin films would change from monoclinic to 
super-tetragonal phase [52, 54]. The out-of-plane lattice parameter increases from 4.0 
Å to 4.6 Å in association with this phase transition, leading to giant piezoelectric strain 
[52]. The first attempt to characterize the ferroelectric behaviour of this 
super-tetragonal phase measured a polarization value of only ~75 μC/cm2 [64], where 
the authors attributed the low polarization value to high leakage of thin film sample. In 
a more recent work [65], a polarization value around ~130 μC/cm2 was reported in a 
film consisting mixture phase of tetragonal-like and rhombohedral-like BFO phases. 
From a linear extrapolation, the polarization value for super-tetragonal phase BFO is 
~150 μC/cm2, which agrees with the theoretically predicted value [54]. The research on 
super-tetragonal BFO films is still an on-going topic , as the giant polarization would 
provide opportunities to improve the device performance, such as in ferroelectric 






1.3.4   Concluding Remarks  
 
Since the breakthrough with multiferroic epitaxial thin films reported in 2003, BFO thin 
films have attracted considerable attention due to the unique ferroelectric, magnetic, and 
magnetoelectric coupling behaviour. Although a large amount of work has been done 
with the epitaxial BFO thin films, there are still several outstanding issues that have not 
been properly clarified and well understood.    
 
i) There are still considerable controversies about the crystal structures of BFO thin 
films deposited on STO (001) substrates. For example, a fully relaxed and bulk-like 
rhombohedral structure for BFO films deposited by liquid-phase epitaxy was 
reported by Qi et al [66], while Xu et al. has observed that a monoclinic structure 
exists in the film grown by pulsed laser deposition [51].
 
  
ii) The strain effect on ferroelectric behaviour of BFO film on STO (001) substrates is 
not fully understood. Kim et al. have demonstrated that the polarization was almost 
unchanged when strain relaxes with increasing film thickness of (001) BFO films 
grown on SrTiO3 (STO) substrate [62]. However, Jang et al. have reported that there 
was a strong strain dependence of polarization in BFO (001) thin films due to the 





iii) There is rather limited understanding of the super-tetragonal phase formed on STO 
(001) substrates. For example, the first principles calculation claimed that it was 
highly unlikely to form the super-tetragonal phase with a giant c/a on STO substrate 
[54]. However, when grown by Pulsed Laser Deposition on STO substrates, the 
formation of the super-tetragonal BFO structure has been experimentally reported 
when the growth rate was increased by changing laser frequency from 5 to 15 Hz 
[63].   
 
iv) The origin of forming the super-tetragonal BFO phase on STO (001) substrates has 
not been properly studied. From the results of theoretical calculations, this 
super-tetragonal phase was identified as a stable phase only under high compressive 
strain of above ~ 4.5% [54]. However, STO substrate can generate a compressive 
strain of only ~ 1.5%. Beside strain, there are other possible formation parameters 
for this super-tetragonal BFO phase deposited on STO substrates. 
 
v) The strain driven formation of strictly super-tetragonal phase has not been 
experimentally demonstrated. Most of the previous reports on highly compressive 
strained BFO films are deposited on LAO (001) substrates with a lattice mismatch 




but strictly monoclinic MC
 
 structure [52, 64]. The question is whether it is possible 
to form the strict super-tetragonal BFO phase on substrates with a larger 
compressive strain than LAO. 
1.4  Purpose of Research 
 
This thesis aimed at making thorough understanding on the crystal structures of 
epitaxial BFO thin films, and clarifying the relationship between strain, crystal 
structures and their ferroelectric behaviour. The specific objectives are: 
i) To understand the crystal structures and thickness dependent ferroelectric 
behaviour of BFO thin films grown on STO (001) substrates,  
ii) To clarify the formation mechanism of super-tetragonal phase BFO on STO 
substrates,  
iii) To explore the crystal structures of highly strained BFO films deposited on 
substrates with large compressive strain above ~4.5%. 
 
In order to achieve these objectives, high quality BFO epitaxial thin films have to be 
firstly grown by optimizing the sputtering parameters. The crystal structures were then 
studied by high resolution X-ray diffraction at synchrotron light source and 




ferroelectric properties by the standard electrical measurement of ferroelectric 
hysteresis behaviour. 
 
The chapters in this thesis are organized as follows. While a brief review has been 
made in Chapter 1, the film deposition method and basic operation principles of 
characterization techniques will be introduced in Chapter 2, where the effect of each 
sputtering parameter on epitaxial film quality will be discussed. In Chapter 3, the 
crystal structures of BFO films on STO substrates are studied by high resolution 
synchrotron X-ray diffraction. In addition, the strain effect on ferroelectric polarization 
is investigated by the thickness-dependent study. In Chapter 4, the growth-rate induced 
monoclinic to super-tetragonal phase transition will be presented for BFO films on 
STO substrate. Moreover, the role of parasitic β-BO phase in the formation of 
super-tetragonal BFO phase will be studied through a detailed structure analysis. 
Chapter 5 presents the structure evolution of BFO films on high compressive 
substrates, aiming at examining the strain phase diagram predicted by the first 
principles calculations. Chapter 6 summarizes the whole thesis and provides ideas for 
the future work.  
 
The results obtained in this study present a significant advance on the understanding of 




study from synchrotron X-ray diffraction contributes to clarify the crystal structure of 
different BFO phases. The investigation into ferroelectric behaviour provides useful 
information for novel device applications of BFO thin films, where they are tailored 
through changes in crystal structures. In addition, as BFO is a multifunctional material, 
the study of structural effect on magnetism and magneto-coupling behaviour of BFO 
can benefit from this work as well. Although the study in this thesis is only on BFO, it 
also sheds light on understanding and tuning the ferroelectric behaviour of other 
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Chapter 2. EXPERIEMENTAL DETAILS 
 
In this thesis, the epitaxial BFO thin films were deposited by using Radio Frequency 
(RF) Magnetron Sputtering system. The crystal structure was characterized by High 
Resolution X-ray Diffraction (HRXRD) and Transmission Electron Microscopy 
(TEM). Atomic Force Microscopy (AFM) was employed to study the surface 
morphology of as-deposited BFO thin films. The dielectric, ferroelectric and leakage 
behaviour of BFO thin films were measured by an Impedance Analyzer, a Radiant 
Technology precise system with a probe station and a Keithley current-voltage meter, 
respectively.   
 
2.1   Deposition of Epitaxial BiFeO3
 
BiFeO
 Thin Films by Sputtering 
3
The BFO ceramic targets were prepared by solid state reaction of Bi
 target preparation by solid state reaction  
 
2O3 and Fe2O3 
powders. Due to high volatility of Bi, 10% excess of Bi2O3 was added to compensate 
for the Bi loss during high temperature heat treatment. The general workflow of the 
experimental procedures is summarized in Figure 2.1.   




Figure 2.1 Experimental procedure of BFO target preparation  
 
Introduction to RF sputtering 
 
In this project, a RF magnetron sputter machine (Oerlikon Leybold Vacuum, Germany) 
was used to deposit the thin film samples. Figure 2.2 shows a schematic diagram of a 
RF magnetron sputtering system, which is adopted from [28]. It contains a vacuum 
chamber with sputtering guns, substrate holder with heater, gas supply and power 
supply system and the vacuum pumps.  




Figure 2.2 Schematic illustration of RF sputtering system. Figure adopted from [28]. 
 
Sputtering is the process of removing atoms from the surface of a target by 
kinetic-energy transfer from an incoming incident flux of highly energetic particles 
[67]. Before sputtering, the chamber has to be in high vacuum state by continuously 
pumping to remove air and water molecules. Typically, the vacuum chamber is 
pumped by a combination of turbo-molecular and mechanical pumps. During 
sputtering, the target is charged negatively, acting as a cathode. The ion gases, Ar+, are 
accelerated towards the target with high kinetic energy, bombarding the target surface. 
The ejected neutral atoms fall on the substrate surface, migrate and condense to form a 
thin film layer. In order to improve the sputtering yield, magnetic field is employed to 
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confine the charged particles in the vicinity of the target. This is called magnetron 
sputtering, which increases the deposition rate by 10 to 100 times, as compared to 
basic diode sputtering method [68].  
 
For sputtering of an insulating target, the conventional DC sputtering will not work. 
Because the positive charge will build up on the target surface, which rejects the 
positive Ar+ flux and stops the sputtering process. In order to solve this issue, RF 
sputtering is developed, in which the electrical potential applied on the target is 
alternating at high frequency in radio frequency regime. The heavy Ar+ cannot follow 
the RF field and respond only to the DC self-bias. Thus, the plasma discharge is 
maintained by this RF field.  
 
Sputtering is commonly used in semiconductor industry, due to its ability to maintain 
the target composition and deposit large area of uniform thin films. As compared to 
other film deposition technology, such as Pulsed Laser Deposition (PLD) and 
Molecular Beam Epitaxy (MBE), the film growth by sputtering is very fast and the 
process is far away from thermal equilibrium. This high deposition rate tends to results 
in rough surface. However, smooth surface can be obtained by fine tuning of sputtering 
parameters.    
 
Chapter 2  
41 
 
Sputtering of epitaxial BiFeO3 
i) Substrate cleaning 
thin films 
 
The general steps of growth of epitaxial BFO thin films by sputtering are as follows.  
Commercially available single crystal substrates often contain organic and 
inorganic residuals on the surface as a result of the polishing process. Before 
deposition of thin films, the substrates should be carefully cleaned. In this project, 
all the substrates are ultrasonically cleaned by successively immersing them for 
one minute in the solvent of acetone, ethanol, and De-ionized (DI) water. Finally, 
the substrates are dried with N2
ii) Pre-sputtering  
 gun.   
    
After the target and substrates being installed in the chamber, the system will be 
pumped down to vacuum with pressure less than 10-6
iii) Sputtering  
 Torr. Then, the substrates will 
be heated slowly up to the growth temperature. 
     
Argon and oxygen gas are introduced to the chamber, in order to maintain a 
dynamic chamber pressure within the range for sputtering plasma to occur. Tune 
the sputtering power to the setting value, open the shutter, then the plasma can be 
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captured. Allow the film growth for the time duration required.  
 
iv) Post-sputtering  
After the deposition finishes, the shutter is closed, the substrates are then cooled 
down directly to room temperature. Finally, the chamber is vented with N2 gas to 
atmosphere pressure for taking out the samples. 
  
There are several parameters shall be tuned to produce the high quality epitaxial thin 
films, including temperature, O2 pressure, Ar/O2 ratio, sputtering power, and 
sputtering time. For the oxide thin films, high temperature growth is required in order 
to obtain crystallized films. The high temperature also improves the mobility of the 
deposited particles to the low energy positions. By applying silver paste to the back 
side of the substrates, a better contact with heating plate and more uniform temperature 
field can be achieved, which greatly improves the film quality. O2 partial pressure 
controls the oxygen vacancies in the as-deposited films. Also, the crystalline phases of 
oxides are very sensitive to the O2 partial pressure. The total sputtering pressure and 
the sputtering power determine the growth rate. The film thickness is controlled by 
varying the sputtering time. The standard sputtering parameters employed in this thesis 
are listed in the Table 2.  
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SrRuO 680 3 70 240 80 ~0.5 
BiFeO 680 3 120 140 20 ~3 
 




X-ray Diffraction (XRD) is a very useful tool to investigate the crystal structure of 
materials, as it has a wavelength in the same order of inter-atomic distance of crystals. 
Figure 2.3 illustrates the basic principle of Bragg’s law in XRD. When two parallel 
incident X-ray beams interact with the atoms in the crystal, the X-ray beams are 
diffracted into a certain direction, forming an angle of 2θ with incident direction. The 
difference between the travel distances of two parallel X-ray beams is 2dsinθ, in which 
d is the distance between two crystalline planes. For diffraction peaks to occur, this 
travel difference has to be an integer times of wavelength for constructive interference 
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of diffracted beams. This gives the Bragg’s condition of diffraction 
λθ =sin2d .                                                      (2.1) 
From the direction of diffraction beam, the lattice dimensions of the crystal can be 
derived from the Bragg’s Law.  
 
 
Figure 2.3 Schematic illustration of Bragg’s law in X-ray diffraction 
 
Four-Circle Diffractometer and Reciprocal Space Mapping 
 
Normal powder X-ray diffraction can help to identify phases of a sample by comparing 
the diffraction peaks with the standard XRD card. However, for the proper 
characterization of epitaxial thin films, powder XRD is unable to provide enough 
information. To obtain both in-plane and out-of-plane lattice dimensions, the four 
circle X-ray diffractometer is required, as shown in Figure 2.4. There are four degrees 
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of freedom for this kind of diffractometer- ω, 2θ, χ, Φ, which are labeled in the figure. 
The sample can be rotated within horizontal plane, which gives the Φ circle. In 
addition, the sample stage can be tilted by the angle of ω along the X-ray beam 
direction and by the angle of χ perpendicular to the beam direction. The last circle is 
2θ, the angle between the incident beam and diffracted beam, which is varied by the 
motion of detector.  
 
With the flexibility of four circle diffractometer, several types of scans that are not 
available in powder diffraction can be achieved [69]. Figure 2.5 illustrates four basic 
scans in the reciprocal space by four circle diffractometer. The dots represent the 
diffraction peaks within the qx-qz plane in the reciprocal space. k1 and k2 are the 
incident and diffracted beam wave vector, respectively. The large semicircle shows the 
region of the available diffraction that can be measured at a certain value of X-ray 
wavelength, because outside the semicircle λ/2d = sin θ > 1, which is not possible. 
Within the two small semicircles, the diffractions are also not available due to the 
incident beam below surface for the left one and exit beam below surface for the right 
one. Hence, the diffraction peaks that can be measured in the reciprocal space are those 
in between the two small semicircles and the large semicircle.  
 




Figure 2.4 Four circle X-ray diffractometer in Singapore Synchrotron Light Source 
 
For the first scan type in Figure 2.5, it is the specular scan along the qz direction in the 
reciprocal space. During the scan, ω is fixed always to be half of 2θ in order to 
maintain the scan direction exactly along the qz direction in the reciprocal space, as 
shown by the arrow in Figure 2.5. This is effectively the same scan as the θ/2θ scan in 
the powder XRD. The second scan type is offset scan, in which ω is always kept as 
(2θ+δ) /2, where δ is a small deviation angle. This enables the scan direction tilt by δ/2 
from the qz direction. The third scan type is detector scan, where only 2θ varies during 
the scan while ω is fixed. This gives the scan direction along a circle in the qx-qz plane, 
as shown by the curved arrow in Figure 2.5. The last scan type is rocking curve or ω 
scan. In this case, ω varies during the scan while 2θ is fixed, giving rise to a circle scan 
direction perpendicular to the radial direction in the reciprocal space. Combing any 
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two of these scans together, a 2D area in the reciprocal space can be measured 







Figure 2.5 Schematic illustration of four basic scans in the reciprocal space by four 
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Crystal System and Lattice Parameters Determination 
From the diffraction peaks in reciprocal space mapping, the crystal symmetry can be 
determined, which gives the information of the crystal system. In the following 
description, monoclinic structure will be used as the example to illustrate the process 
of the analysis of crystal symmetry. The monoclinic unit cell has the lattice parameters 
𝑎𝑎 ≠ 𝑏𝑏 ≠ 𝑐𝑐, 𝛼𝛼 = 𝛾𝛾 = 90°, 𝛽𝛽 ≠ 90°. Figure 2.6 (a) shows the schematic real space and 
the corresponding reciprocal space monoclinic unit cell in the vertical (h0l) plane. Due 
to the monoclinic distortion angle β in the ac plane, the real space unit cell can be 
either distorted to the left or right side. In addition, the bc plane gives a rectangular 
shape, resulting the three kind of unit cell shown in the first row in Figure 2.6 (a). 
From the relationship between the real space and reciprocal space, 
𝑎𝑎. 𝑎𝑎∗ = 𝑏𝑏.𝑏𝑏∗ = 𝑐𝑐. 𝑐𝑐∗ = 1.                                              (2.2) 
𝑎𝑎. 𝑏𝑏∗ = 𝑎𝑎. 𝑐𝑐∗ = 𝑏𝑏.𝑎𝑎∗ = 𝑏𝑏. 𝑐𝑐∗ = 𝑐𝑐. 𝑎𝑎∗ = 𝑐𝑐.𝑏𝑏∗ = 0.                           (2.3) 
the reciprocal space unit cell can be derived. It is clear that if the (h0l) reciprocal space 
mapping is measured for monoclinic structure, there will be three diffraction peaks. 
Two peaks from tilted a domains as a result of the monoclinic distortion and the other 
one from the b domain. From similar analysis shown in Figure 2.6 (b), two diffraction 
peaks will occur in the (hhl) reciprocal space mapping for monoclinic structure. 
Therefore, the monoclinic crystal structure has a signature diffraction pattern of three 
peaks in (h0l) and two peaks in (hhl) reciprocal space mapping. 




Figure 2.6 Schematic diagram of monoclinic phase in reciprocal space mapping for 
HL plane (a) and HHL plane (b) 
 
In the reciprocal space mappings using pseudocubic lattice settings, MA, MB and MC
 
 
can be differentiated by the number of (h0l) and (hhl) diffraction peaks observed, as 
shown in Figure 2.7. 
 
Figure 2.7 Schematic illustration of diffraction patterns in reciprocal space mapping 
for (a) monoclinic MA and MB (b) monoclinic MC phases 
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In this project, both lab based X-ray source (Bruker) and Synchrotron light source 
(Singapore Synchrotron Light Source-SSLS and Shanghai Synchrotron Radiation 
Facility-SSRF) were employed to study the crystal structures of epitaxial thin films. 
High resolution XRD improves the resolution by cutting the X-ray beam to obtain a 
single wavelength X-ray. However, this results in the loss of intensity and flux. 
Therefore, the lab based X-ray source is not strong enough to achieve precise and clear 
characterization of the crystal structure, especially for very thin films. Synchrotron 
light source has a much higher brilliance and brightness, providing a powerful tool for 
the investigation into crystal structure for epitaxial thin films. 
 
2.3   Transmission Electron Microscopy 
 
A Philips CM300 FEG Transmission Electron Microscopy (TEM) at an acceleration 
voltage of 300 kV was employed in this project for high resolution images and 
diffraction patterns analysis of cross-sectional thin film samples. A scanning 
transmission electron microscopy (STEM) detector on a JEOL JEM-2010F at 200 kV 
was used to analyze the element distribution in the film by the energy dispersive X-ray 
spectroscopy (EDX) mapping. More detailed TEM operation and analysis can be 
found in the references[70, 71].   
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2.4   Atomic Force Microscopy  
 
Atomic Force Microscopy (AFM) probes the sample surface with a sharp tip attached 
to a cantilever. By scanning a sharp tip over the sample surface, the high resolution 
images at atomic scale can be produced from the deflection of the cantilever. AFM can 
be operated in three modes, namely contact mode, tapping mode and non-contact mode. 
In the contact mode, the tip contacts with the sample surface, which gives a high scan 
speed with atomic resolution. The disadvantage of this mode is that the lateral force 
can distort features in the image and the damage of soft sample due to the scraping 
between the tip and sample. In the tapping mode, the cantilever is oscillating while the 
tip lightly taps on the sample surface during scanning and contacting the surface at the 
bottom of the swing. The tapping mode increases the lateral resolution at the cost of 
lower scan speed. Non-contact mode operates by holding the tip at a small distance 
above the sample. During the scan, the tip doesn’t contact sample surface, which 
results in lower lateral resolution and slower scan speed. In this thesis, a Dimension 
Icon Atomic Force Microscopy with ScanAsyst (Bruker AXS) is employed to study the 
surface morphology of as-deposited BFO thin films.  
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2.5   Electrical Characterization 
 
To characterize the electrical properties of thin films in out-of-plane vertical direction, 
top electrode is required to form a capacitor with bottom conductive buffer layer under 
the ferroelectric layer. In this project, gold electrode with a diameter of 0.2 mm was 
sputtered on top of as-deposited BFO thin films through a mask. The area of deposited 
electrode was calibrated by optical microscopy to avoid the possible shadow effect, 
which could increase the area of electrode by several times. During the measurement, a 
bipolar voltage was applied to the sample through top electrodes, as shown in Figure 
2.8. The effective equivalent electrical circuit is also shown, in which two capacitors 
are connected in series.  
 
 
Figure 2.8 Schematic illustration of the measurement setup for out-of-plane 
polarization and its equivalent electrical circuit. 
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Dielectric property of BFO thin films was characterized by an Impedance Analyzer 
(Solartron 1261, Farnborough, UK). The real and imaginary permittivities were 
measured over a wide frequency range from 10-1 Hz to 106
 
 Hz.  
 
Ferroelectric polarization versus electric field (P-E) hysteresis loop was measured by a 
Radiant precise workstation (Radiant Technologies, Medina, US). The measurement of 
the hysteresis loops are based on the Sawyer Tower circuit [72], shown in Figure 2.9. 
Here the electrical voltage across the sample is applied through the signal generator, 
and the current is integrated into charge by of a large reference capacitor in series with 
the sample. To generate the P-E loops, the voltage applied to the material on the x-axis 
of the oscilloscope and the surface charges on the y-axis are plotted. 
 
Figure 2.9 Sawyer Tower circuit for the measurement of ferroelectric hysteresis loop 
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During the measurement of P-E loops, there are several artifacts that have to be 
avoided to obtain reliable data [73]. As shown in Figure 2.10 (a), the dead short circuit 
gives rise to a round circle loop. A linear lossy capacitance, which is a combination of 
ideal capacitance and resistor, produces the loop in Figure 2.10 (b).  Another artifact 
may arise from the saturation of amplifier. As shown in Figure 2.10 (c), the saturated 
hysteresis loops generate a larger remanent polarization as the applied voltage 
increases. This is not possible as if the dipole of the ferroelectric sample is saturated at 
lower voltage, there is no addition dipole moment in the system to increase the 
polarization at higher voltage. What happened here is the saturation of the amplifier in 
the measuring system. The last artifact is from the nonlinear lossy capacitor as shown 
in Figure 2.10 (d). This can be tested by the frequency dependent measurement of P-E 
loops, as the dielectric loss is highly frequency dependent while the intrinsic 
ferroelectric property is frequency independent. 
 
Leakage behaviour is characterized by a Keithley meter (Keithley 6430, Cleveland, 
US). The current-voltage curve is measured by applying a DC voltage through the 
electrodes and collecting the current through the circuit by an Ampere meter. 
Temperature dependent I-V curves can be measured to obtain the information of 
conduction mechanisms by fitting into different conduction models [6]. 
 





Figure 2.10 Schematic illustration of possible artificial data in ferroelectric hysteresis 
loop measurement. (a) dead shorts, (b) linear lossy dielectric, (c) saturated amplifier, 




Chapter 3. EVOLUTION OF MONOCLINIC 
STRUCTURE AND FERROELECTRIC BEHAVIOUR 
OF EPITAXIAL BiFeO3
 
 THIN FILMS 
3.1   Introduction 
 
The most studied epitaxial BFO thin films so far are those grown on STO (001) single 
crystal substrates, because of the close match of in-plane lattice dimension between 
BFO and STO. Also, the large ferroelectric polarization is first reported for BFO films 
grown on SRO-buffered STO substrates [27]. However, there are still several 
controversies about the crystal structures of BFO thin films on STO substrates. For 
example, a fully relaxed and bulk-like rhombohedral structure was reported by Qi et al, 
for the BiFeO3 thin film of 200 nm in thickness grown by liquid-phase epitaxy [66]. Xu 
et al., on the other hand, has observed that a monoclinic structure exists in the film grown 
by pulsed laser deposition [51]. Saito et al. observed a tetragonal structure for the film 






In addition, another interesting problem for BFO film is the epitaxial strain effect on 
ferroelectric behaviour. As is well known, strain relaxes as the film thickness increases. 
Therefore, the thickness dependent ferroelectric properties would be an ideal platform 
for the study of the strain effect. There have been some reports about the strain effect on 
the polarization of BFO epitaxial thin films deposited on STO (001) substrates. Kim et 
al. reported that the polarization almost keep unchanged when strain relaxes with 
increasing film thickness of (001) BFO films grown on SrTiO3 (STO) substrate [62]. 
However, more recently, Jang et al. reported that there was a strong strain dependence of 
polarization in BFO (001) thin films due to the polarization rotation. Therefore, the 
strain effect on polarization in BFO epitaxial thin films is not fully understood.  
 
The objective of study in this chapter is to identify the crystal symmetry and lattice 
parameters of BFO thin films deposited on STO (001) substrates by high resolution 
synchrotron X-ray diffraction. In addition, a thorough understanding is made on how 
the crystal structure relaxes as the film thickness increases and how this structural 







3.2   Twinning Rotation of BiFeO3 
 
The BFO thin film of 720 nm in thickness was grown by radio frequency sputtering at 
the deposition temperature of 680 
(001) Thin Films  
°
Figure 3.1(a) shows the reciprocal space mapping (RSM) around (002) STO diffraction 
of the epitaxial BFO/SRO/STO thin film at Φ = 0
C, from a ceramic target with 10% bismuth excess to 
compensate for Bi loss at high temperature. Prior to the deposition of the BFO thin film, 
a buffer layer of SRO of ~60 nm in thickness was first deposited on STO (001) substrate 
as the bottom electrode. The as-grown BFO thin film was investigated by 
high-resolution synchrotron X-ray diffraction at Singapore Synchrotron Light Source 
(SSLS). The ferroelectric and leakage behaviour of the thin film were investigated by 
using the radiant precise workstation (Radiant Technologies) and Keithley 6430 I-V 
system, respectively. Circular Au electrodes of diameter 0.2 mm were sputtered on the 
film surface prior to evaluation of these electrical behaviour.  
 
°. The vertical axis is the scan along 
the 2θ direction with zero point at the peak of substrate (2θ-θ coupled scans). 
Meanwhile, the horizontal axis along ω measures the relative angles between atomic 
planes of the film and substrate. A strong reflection was observed at the top of the 
figure, which was identified as (002) diffraction of the STO substrate. SRO gave rise to 




SRO buffer layer was grown coherently. The two spots with the same 2θ value but 
different ω values came from the BFO film. The centers of the two peaks from BFO 
were not at the origin, indicating that the (002) atomic plane of BFO film was not 
completely parallel to the substrate. As is shown in Figure 3.1 (c), the diffraction of the 
BFO film was from two sets of atomic planes, with normal directions at the angle of 
0.900o to each other as calculated from Gaussian fitting results.  
 
In contrast to Φ = 0°, at the direction of Φ = 45° (Figure 3.1(b)), BFO (002) showed 
three peaks with the middle one having the strongest intensity. The peaks from the 
STO substrate and SRO buffer layer were the same as Φ = 0°. This indicates that there 
were three sets of atomic (002) planes from BFO at the direction of Φ = 45°. The 
middle plane was parallel to the substrate as it followed the STO and SRO in ω 
direction. The left and right planes tilted along Φ = 45° direction, with their normal 
directions at an angle of 1.320°
Four structural variants exist in the rhombohedral phase, r
. These three planes are schematically shown in Figure 
3.1 (d). 
 
1, r2, r3 and r4  with their 
polarization directions along <111> direction of the parent cubic structure. 12 Based on 
the results from the (002) RSM and analyses above, the structure of rhombohedral 




also superposed, resulting in two sets of atomic planes. This explains why two peaks 
were observed at Φ = 0° direction, with r1 and r4 constituted the left plane and r2 and 
r3 formed the right plane. While at Φ = 45°, r2 and r4 tilted in the plane that was 
perpendicular to the scanning direction and the tilted angle was very small. Therefore, 
at Φ = 45°, r2 and r4 overlapped and appeared to be parallel with the substrate (002) 
plane. The other two peaks arose from tilted r1 and r3. Thus, r1 and r2 (or r3 and r4) 
twins rotated 0.900° while r1 and r3 twins rotated 1.320° to form a closely packed 
structure. Under the compressive epitaxial stress from the STO substrate, the rotation 







Figure 3.1 Reciprocal space mapping around (002) STO at (a) Φ = 0°, (b) Φ = 45° for the 
epitaxial BFO film of 720 nm in thickness. The twinning blocks r1 to r4, shown in real 
space, corresponding to Φ = 0° and Φ = 45°
The mappings around (002) only provide the information on the spacing of lattice 
planes in the out-of-plane direction. To precisely determine the crystal structure and 
the lattice parameters of the epitaxial BFO thin film, RSM diffraction patterns around 
(103) STO
 are schematically shown in (c) and (d), 
respectively. (e) shows the three dimension twinning blocks. 
 




(a) and 2(b), respectively. Two diffraction spots from BFO film were clearly seen in 
(103) while three diffractions spots in the (113) pattern. This confirms that the BFO 
film exhibits a monoclinic structure. However, the lattice is rotated by 45° about the 
surface normal direction (c direction) with respect to the STO substrate, with the a and 
b axes being about the √2-times of the substrate. Thus, the BFO patterns in Figure 3.2 
(a) and (b) are indexed as (113)m and (203)m
 
 
 of monoclinic system.  
 
Figure 3.2 Reciprocal space mappings around (a) (103), and (b) (113) SrTiO3
The lattice parameters of the BFO monoclinic unit cell were determined to be a = 
5.610(1) Å, b = 5.529(1) Å, c = 4.031(1) Å and β = 89.34(1)
 for the 
epitaxial BFO film of 720 nm in thickness. 
 
 
°. They are comparable to 




parameter c is much larger, as is shown in Table 3. The BFO film lattice is thus not 
fully relaxed to the bulk unit cell at the film thickness of 720 nm, although the 
compressive stress arising from the substrate mismatch may be released partially as a 
result of the rotation in twinning structure of BFO film. The cross-section view of the 
twinning structure is schematically shown in Figure 3.3. As can be seen, the vertical 
domain walls are formed as a result of twinning rotation. 
 
Table 3  Structure and lattice parameters of the epitaxial BFO thin film of 720 nm in 
thickness as compared to those of the films of different film thicknesses  
 
Film Thickness (nm) Lattice parameters Length of body 
diagonal [111]
~720, this work 
p 
Monoclinic 
a = 5.610 Å, b = 5.529 Å, 




~200, [66] Rhombohedral 
a = 3.9618 Å, α = 89.45
6.862 Å 
 ° 
~200, [51]  Monoclinic 
a/  = 3.907 Å, b/  = 3.973 Å, 




~500, [10]  Monoclinic 
a = 5.602 Å, b = 5.562 Å, 












Figure 3.3 Schematic diagram of the twinning structure for the epitaxial BFO thin film 
deposited on STO (001) substrate with SRO buffer layer, without (a) and with (b) 
rotation of rhombohedral blocks. The arrows show the direction of polarization in [111]p
This twinning structure confirmed for the BFO thin film gives rise to an enhancement 
in ferroelectric behaviour. As shown in Figure 3.4 (a), the epitaxial BFO thin film 
exhibited well established square-like hysteresis loops, which were almost independent 
of test frequency. The remanent polarization value was measured to be 2P
 
in the pseudocubic unit cell. 
 
r = 164 ± 2 
µC/cm2 with a coercive electric field 2Ec = 510 ± 5 kV/cm. The observed Pr value is 
larger than those previously reported, in the range of 50-60 µC/cm2. Two 
considerations are made to account for the enhancement in polarization. Firstly, from 
the lattice parameters determined by RSM, the length of [111]p in the pseudocubic unit 
cell can be calculated. The results, as summarized in Table 3, show that the length of 




is enhanced. Secondly, as the rhombohedral variants are rotated (Figure 3.3(b)), the 
polarization projection onto [001] direction is enlarged as compared to that of the 
structure which is not rotated (Figure 3.3 (a)). The P-E loops were measured along the 
[001] direction, so the rotated twinning structure leads to an enhanced remanent 
polarization, by an elongated polarization in [111]p
 
 
 direction and increased projection 
onto the [001] direction.  
 
Figure 3.4 (a) Frequency dependent hysteresis loops for the epitaxial BFO thin film of 
720 nm in thickness. (b) J-E relationships of the Au/BFO/SRO capacitor for both 
negative and positive biases. 
 
Figure 3.4 (b) shows the leakage current density of the epitaxial BFO thin film as a 
function of applied electrical field for both negative and positive biases. A very low 
leakage current density of ~1.2 ±0.3 × 10-6 A/cm2 at 100 kV/cm was obtained, which 




origin of the greatly reduced leakage current density for the epitaxial BFO thin film 
with rotated twining structure is associated with the interface between the BFO and 
SRO layers, where the mismatch strain is largely accommodated. Indeed, as suggested 
recently, the leakage mechanism of BFO is interface-limited, rather than bulk-limited 
[74]. 
 
3.3   Evolution of Thickness-dependent Structure and Ferroelectric 
Behaviour of BiFeO3 
 
In order to investigate the effect of residual strain on twinning evolution and 
ferroelectric behaviour, epitaxial BFO (001) films with thickness from 30 nm to 720 nm 
were grown by radio frequency sputtering. The crystal structure was identified by high 
resolution synchrotron X-ray diffractometry at the X-ray Development and 
Demonstration (XDD) beam line of Singapore Synchrotron Light Source (SSLS) and 
BL14B1 beam line of Shanghai Synchrotron Radiation Facility (SSRF), using 1.000 Å 
X-rays with a Huber 5021 6-axes diffractometer. The ferroelectric and leakage 
behaviour of the thin film were investigated by using the radiant precise workstation 
(Radiant Technologies) and Keithley 6430 I-V system, respectively. 
 






Figure 3.5 KL reciprocal space mappings around STO (002) for the epitaxial BFO films 
with film thickness of 30 nm (a), 180 nm (b), 360 nm (c), 450 nm (d), 540 nm (e) and 
720 nm (f), respectively. 
 
Figure 3.5 shows the KL reciprocal space mappings (RSM) from (002) STO diffraction 
of the epitaxial BFO thin films. The vertical axis is along the L direction while the 
horizontal axis is along K direction in the reciprocal space. The spots from STO and 
SRO remain to be a single peak for all mappings with different film thicknesses, 
showing a high quality of epitaxial growth of the SRO buffer layer. However, for the 
diffraction peaks from BFO, it develops from a single sharp peak at 30 nm to an 
elongated peak at 180 nm and 360 nm and finally to two well separated peaks for 450 
nm, 540 nm and 720 nm films. As discussed in the previous section, these two peaks 




with increasing film thickness, the BFO film changes from a strained lattice to a 
partially relaxed one with monoclinic rotated twinning structure.   
 
 
Figure 3.6 KH reciprocal space mappings around STO 
In order to fully understand the crystal structure of the BFO films of varying 
thicknesses, KH reciprocal space mappings (RSM) around (002) STO diffraction were 
measured for BFO thin films with thickness changing from 30 nm to 720 nm, as shown 
in Figure 3.6. These mappings were obtained with L value at the BFO peaks in Figure 
3.5. Clearly, for the film of 30 nm in thickness, a single peak without any distortion 
was observed. As the film thickness increases, the BFO spot shows a trend to form 
(002) for epitaxial BFO films 
with film thickness of 30 nm (a), 180 nm (b), 360 nm (c), 450 nm (d), 540 nm (e) and 






four peaks for diffraction in the KH plane. This confirms the structure model proposed 
in Figure 3.1 (e), in which two pairs of twin variants along [100] and [010] coexist.  
 
 
Figure 3.7 Lattice parameters derived from reciprocal space mappings for the epitaxial 





From the reciprocal space mappings shown above and the mappings around (103) and 
(113) (not shown here), the crystal structures and lattice parameters were determined, 
as summarized in Figure 3.7. The BFO film possesses a fully strained tetragonal 
structure for the film with thickness of 30 nm. However, the films with thickness 
increasing from 180 nm to 720 nm show a monoclinic twinning structure, which is 
initiated at 180 nm and fully developed at 450 nm. The monoclinic distortion angle β 
shows increasing deviation from 90° as film thickness increases. The lattice parameters 
exhibits a different evolution as compared to the film with in-plane twins but without 
out-of-plane twinning rotation [75]. This unique out-of-plane twinning rotation relaxes 
strain in the films and maintains a degree of distortion in lattice parameters even at a 







Figure 3.8 (a) Hysteresis loops for epitaxial BFO thin films of 180 nm and 450 nm in 
thickness; (b) remanent polarization as a function of film thickness; (c) J-E relationships 
of the Au/BFO/SRO capacitor for the epitaxial BFO film with film thickness increasing 
from 180 nm to 720 nm; (d) leakage current density at 100 kV/cm as a function of film 
thickness from 180 nm to 720 nm. 
 
Figure 3.8 (a) shows the hysteresis loops for the 180 nm and 450 nm BFO thin films at 
the test frequency of 3 kHz. Both loops are square-like, showing the intrinsic remanent 
polarizations of epitaxial ferroelectric thin films. Due to the large leakage current, the 
polarization of 30 nm film cannot be properly measured. The polarization as a function 
of BFO film thickness increasing from 180 to 720 nm is plotted in Figure 3.8 (b). The 




increases from 180 nm to 450 nm, representing about 58% enhancement. As reported 
in a previous study [62], for epitaxial BFO (001) films without twinning rotation 
structure, the polarization is almost unchanged as the film thickness increases from 77 
nm to 960 nm. This great enhancement of polarization observed in the present work is 
thus related to the unique strain relaxation mechanism by twinning rotation. Figure 3.8 
(c) shows the leakage current density of the epitaxial BFO (001) film as a function of 
applied electrical field for film thickness changing from 180 nm to 720 nm. The 
leakage current density measured at 100 kV/cm is plotted as a function of film 
thickness in Figure 3.8 (d). Despite that the 180 nm film has a larger leakage current 






This agrees with the square-like loops obtained in ferroelectric hysteresis test and 
confirms the intrinsic polarization measured.  
 
The monoclinic lattice of BFO is orientated by 45°with respect to [001] direction of 
the substrate. A schematic configuration of monoclinic unit cell is represented by the 
thick lines in Figure 3.9 (a), while the pseudocubic (pc) unit cell is shown by the 
dashed lines. In order to derive the in-plane strain, the lattice parameters of monoclinic 
unit cell have to be transformed into the pseudocubic cell. This relation is given by   
 .                                                    (3.1)                                                                                                                          










are the lattice constants for the pseudocubic cell. As the thin SRO 
buffer layer and STO substrate are rather close in lattice parameters, as compared to 
that between BFO and STO, the mismatch strain is largely arising from the lattice 
mismatch between the BFO film and STO substrate. Taking the bulk BFO 
rhombohedral phase as a reference, the in-plane and out-of-plane strain are calculated 
by the following relationship: 






.                                          (3.4) 
 
The strains thus derived are plotted as a function of film thickness in Figure 3.9 (b). 
The in-plane strain does not relax from negative to zero with increasing thickness as 
expected, but varies slightly from -0.5% to +0.5%. This unique behaviour of strain 
evolution is due to the twinning rotation. At the film thickness of 180 nm, when the 
twinning is initiated, the compressive strain is relaxed to nearly zero. While, the fully 
developed twinning rotation structure even drives the compressive strain from the 
substrate to be tensile at 450 nm. For the out-of-plane strain, it keeps decreasing as the 
film becoming thicker, except a drop at 450 nm when the twinning rotation is fully 
formed. The trend of strain change does not agree with the change of polarization in 








Figure 3.9 A schematic drawing for the relationship between monoclinic BFO unit cell 
(thick lines) and pseudocubic BFO unit cell (dashed lines); (b) in-plane strain and out-of 
plane strain as a function of film thickness. 
 
This agrees with the result of the first principles calculations [48] and previous 
experimental results [62] that the polarization of BFO is not strongly dependent on the 




explain the polarization change of about 58% observed in our films. For the 
450-nm-thick BFO film with a tensile in-plane strain, the polarization is expected to 
rotate towards [110]pc 
If the strain is not the critical parameter to account for the large polarization variance 
with film thickness, then now we have to turn to the length of polarization direction 
along the body diagonal of pseudocuic lattice. As is shown by the dashed arrow [111]
and give rise to lower polarization along the measured [001] 
direction. However, the polarization measured at 450 nm is even higher than those 
with compressive in-plane strain. 
 
pc 
in Figure 3.9 (a), the body diagonal direction is the face diagonal of (101) in 
monoclinic cell. The calculated length along [111]pc and polarization are plotted in 
Figure 3.10 as a function of film thickness. A strong and clear dependence of 
polarization on the [111]pc length is obviously seen. For the ferroelectric film of 
tetragonal phase, the in-plane strain is very important as it affects the length of 
polarization direction in [001]. Indeed, the first principles study shows ferroelectric 
films with tetragonal phase (BaTiO3, PbTiO3 and BiFeO3 (P4mm)) are in-plane strain 
sensitive[48] . However, for the monoclinic phase, the in-plane strain is not the critical 
influencing factor, because the polarization direction is not along [001] any more. 
Although the monoclinic phase of our BFO films shows a degree of distortion from the 




diagonal direction in pseudocubic unit cell. Therefore, the body diagonal length is the 
determining factor, as it affects the space for the ionic displacement within the unit cell. 
According to the modern Berry-phase theory of polarization [76, 77], the dipole 
moment from displacement of ions is the major contribution to the ferroelectric 
polarization although delocalized electrons also add to the total polarization. The 
dependence of polarization on the distortion along the polarization direction observed 









3.4   Summary 
 
In summary, the crystal structure of BFO thin film with the thickness ranging from 30 
nm to 720 nm was characterized by high-resolution synchrotron X-ray diffraction. For 
BFO film of 30 nm in thickness deposited on SRO-buffered STO (001) substrate, the 
crystal structure is the fully strained tetragonal phase with a small c/a ~ 1.05. For BFO 
films of 180 nm to 720 nm in thickness, a unique twinning rotation structure was 
identified, which shows a monoclinic symmetry. This structure result agrees with the 
conclusion that BFO with film thickness less than 50 nm shows a tetragonal structure 
while the thickness above 50 nm shows a monoclinic structure [10]. This twinning 
rotation identified here reveals a new mechanism to relax strain as film thickness 
increases. The vertical domain walls, as a result of this twinning rotation, provide a 
new path to engineer the domain wall configuration and therefore the ferroelastic and 
ferroelectric hehaviour.  
 
For the strain effect on ferroelectric polarization, our results in this chapter show that 
remanent polarization increases as the film thickness increases to 450 nm and then 
decreases from 450 nm to 720 nm. This is inconsistent with the unchanged polarization 
as BFO film thickness varies reported in a previous study [62], which may result from 




polarization doesn’t show a strong dependence on strain, as reported in another 
previous study [40]. Instead, polarization has a strong dependence on the body 
diagonal length of distorted pseudocubic unit cell. Our results indicate that the 
distortion in polarization direction along body diagonal in pseudocubic unit cell is the 
critical factor that determines the remanent polarization of monoclinic phase BFO thin 
films. This observation supports the theoretical understanding that ionic displacement 




Chapter 4. BiFeO3 FILMS OF SUPER-TETRAGONAL 




4.1   Introduction 
In 2009, the discovery of a new tetragonal-like BFO MC phase with a giant c/a ~ 1.25 
for epitaxial thin films on LAO (001) substrate reignites the interest in BFO [52, 64]. 
This tetragonal-like BFO phase is of particular curiosity as it shows an enhanced 
electromechanical response at MPB with a rhombohedral-like BFO MA phase [52]. 
Also, it was predicted to have a giant polarization ~ 150 μC/cm2 
The objective of this chapter is to investigate the film growth condition for developing 
[54]. From the results of 
theoretical calculations, this tetragonal-like phase was identified as a stable phase only 
under high compressive strain of above ~ 4.5%. However, the super-tetragonal phase 
with a giant c/a ~ 1.25 was first reported to occur in a pure BFO film deposited at high 
growth rate on STO substrates [63]. The misfit compressive strain of 1.5% from STO 
substrate is not possible to provide enough high compressive strain to trigger a stable 





BFO super-tetragonal phase on STO (001) substrates. In addition, a detailed systematic 
structure study will be performed to identify the different phases for BFO films grown 
at different growth rates. What is more important is to explore the origin of forming 
BFO super-tetragonal phase on STO substrate, which cannot be understood from the 
strain phase diagram by theoretical calculations.  
 
In the following sections of this chapter, growth rate induced phase transitions will first 
be shown for BFO thin films, which is studied by high resolution XRD. Then, to 
understand why the super-tetragonal phase BFO can be stabilized on STO substrates, 
AFM and TEM will be employed to perform a detailed structure characterization. 
Finally, a structure model will be proposed to clarify the origin of super-tetragonal 
phase BFO on STO (001) substrates. 
 
4.2   Growth Rate Induced Monoclinic to Tetragonal Phase 
Transitions of BiFeO3Thin Films on SrTiO3
Epitaxial BFO thin films were grown by radio frequency (RF) sputtering at the 
deposition temperature of 680 
 (001) Substrates 
°C, from a ceramic target with 10% bismuth excess. The 
deposition rate of BFO films was varied by changing the sputtering power from 30 to 
180W, which was in the range from ~7.5 Å/min to ~45 Å/min. The thickness of BFO 




used as the bottom electrode. Crystal structure was investigated by using the high 
resolution X-ray diffraction reciprocal space mappings (RSM) at Singapore 
Synchrotron Light Source (SSLS) and Shanghai Synchrotron Radiation Facility (SSRF) 
(λ= 1.5405 Å and 1.0000 Å respectively). The RSMs are plotted in reciprocal lattice 
units (r.l.u.) of the STO substrate (1 r.l.u.=2π/3.905 Å-1). 
 
Figure 4.1 shows the (-1-13)pc HL plane and HK plane RSM of BFO films grown at the 
sputtering power of 30 W (a ,b), 60 W (c, d), 90 W (e, f) and 120 W (g, h). In the HL 
mappings, the vertical axis is along the [00L]pc direction in the reciprocal space of 
pseudocubic (pc) unit cell, while the horizontal axis is along [HH0]pc direction. The 
peaks with high intensity at about L = 3 come from the STO substrates. The BFO films 
give rise to the two splitting peaks, which are separated wider as the growth rate 
increases. The peaks of BFO films are split along the horizontal H direction, which 
differs from the previous report of vertical splitting two peaks in MC phase and three 
peaks in MA phase [51]. In order to understand this special configuration of diffraction 
peaks from BFO film, the HK mappings were measured at the corresponding L = BFO 
peaks in HL mappings. The HK mappings shows an evolution of BFO peaks from a 
single peak with small distortion at 30 W film to well separated four peaks at 120 W film. 
This is consistent with HL mappings, considering that the HL mappings are measured 





Figure 4.1 (-1-13)pc HL plan RSM of BFO films grown at the sputtering power of (a) 30 
W, (c) 60 W, (e) 90 W, (g) 120 W. HK plan reciprocal space mappings at L = BFO in the 




Due to the presence of twins or domains with different orientations, the monoclinic 
phase in bulk single crystal is not easily differentiated from tetragonal nano-twins using 
the X-ray diffraction data [78].  However, as a result of the fixed orientation of 
out-of-plane direction in the epitaxial thin film, it is simplified owing to the fact that the 
splitting of peaks is only from the axis perpendicular to the fixed direction [51]. Figure 
4.2 (a) shows the schematic configurations of reciprocal space for monoclinic phase 
epitaxial (001) thin films without out-of-plane twinning rotation. Due to this fixed 
orientation of c axis along the out-of-plane direction, there is no splitting of c domains. 
The presence of twins for a domain in the monoclinic phase results in the splitting of 
spots in the vertical (H0L)m plane, shown by two open circles with full and broken lines. 
At the same time, the twins of b domain give rise to the splitting of spots within HK 
plane, shown by filled circles. In our previous work [79], a monoclinic phase with 
out-of-plane twinning rotation was identified, which leads to low leakage current and 
enhanced polarization. As a result of this out-of-plane twinning rotation (shown by the 
curved arrows in Figure 4. 2 (a)), the c axis is not fixed any more, as shown in Figure 4.2 
(b). After rotation the splitting of spots from c domain and b domain within the HK plane 
results in four symmetric peaks in the HK mapping around (00L), which was clearly 
demonstrated in HK (002) RSM of Ref. [79]. For monoclinic MA or MB phase, the 
monoclinic lattices are rotated by 45°along the plane normal direction with respect to 




specifically (-1-13)pc is equivalent to (-203)m. In Figure 4.2 (b), the (H0L)m peaks are 
split to four peaks without symmetry due to the radical direction of the rotation axis. 
When measuring the HL mappings, the vertical plane passing through the origin was 
used to cut through the 3D reciprocal space. Hence, only two spots within this vertical 
plane were measured (shown by two open circles with full and broken lines in Figure 4.2 
(b)), while the filled spots from b domain twins would be missed. This was illustrated in 
Figure 4.2 (c), which agrees with the HL mappings obtained experimentally as shown in 
Figure 4.1. For the HK mappings, the measuring plane would cut all four spots within 
HK plane. This is drawn in Figure 4.2 (d), which explains the split four peaks observed 
in HK mappings in Figure 4.1. Variant splitting of peaks results from different 
monoclinic distortion angle β for different growth rate samples. Based on the above 
analysis, the phase in the BFO films grown from the sputtering power of 30 to 120 W 
was identified to be monoclinic phase with out-of-plane twinning rotation. The lattice 
parameters (Figure 4.4) derived from the mappings confirm this monoclinic phase, 
which belongs to MA
The (002)
 lattice because of in-plane compression.    
 
pc and (-103)pc HL RSM of the BFO films grown at the sputtering power of 
150 and 180 W are shown in Figure 4.3. For the 150 W sample (Figure 4.3 (a) and (b)), 
the BFO film exhibits two peaks with L value widely separated both in (002)pc and  




phases. The peak with small L value is corresponding to c = 4.096 (1) Å and c/a ~ 1.05 
(T1), while for the peak at large L value matching c = 4.673 (1) Å and c/a ~ 1.23 (T2). 
The giant c/a ratio of T2 phase is close to those of previous reports [52, 64], but our 
sample shows a tetragonal lattice rather than monoclinic one. For the 180 W film, the 
tetragonal phase T1 disappeared, leaving only the single super-tetragonal phase T2
 
. 
     
Figure 4.2 Schematic illustrations of reciprocal space for monoclinic phase, (a) 
monoclinic phase without out-of-plane twinning rotation, (b) monoclinic phase with 
out-of-plane twinning rotation in 3D reciprocal space. (c) and (d) show the HL plane and 








Figure 4.3 (002)pc HL plane reciprocal space mappings of BFO films grown at the 
sputtering power of (a) 150 W and (c) 180 W,  (-103)pc
Figure 4.4 plots the lattice parameters and c/a ratio of the BFO films grown at the 
sputtering powers from 30 to 180 W, showing two phase transitions. The first one is 
from monoclinic phase to a mixture of two tetragonal phases, T
 HL plane reciprocal space 
mappings of BFO films grown at the sputtering power of (b) 150 W and (d) 180 W. 
 
1  and T2, at the sputtering 
power of 150 W, corresponding to the growth rate of ~37 Å/min. The second phase 






with giant c/a ~1.23. In addition to the external stimuli such as temperature, 
stress or strain, electrical and magnetic field, our results demonstrate that the growth rate 
is also a tunable parameter that can be employed to trigger phase transitions in 
ferroelectric epitaxial thin films. 
  
Figure 4.4 Lattice parameters, monoclinic distortion angle β and c/a of BFO films 




4.3   Origin of Super-tetragonal BiFeO3 Phase with a Giant c/a ratio 
on SrTiO3
 
In this section, by using high resolution synchrotron X-ray diffraction, atomic force 
microscopy (AFM) and transmission electron microscopy (TEM), the parasitic β-Bi
 (001) Substrates 
2O3
To check the possible phases present in the BFO film grown at a sputtering power of 180 
 
(BO) phase is found to coexist with super-tetragonal BFO phase in the BFO film grown 
at the sputtering power of 180 W. By comparing the BFO films grown with and without 
BO buffer layer at low growth rate on SRO/STO substrates, the BO phase is identified to 
strongly associate with the stabilization of super-tetragonal BFO phase. In addition, we 
have built a structure model to provide details on the lattice mismatch and strain 
accommodation between the BO phase and BFO giant tetragonal phase. Furthermore, 
our collaborators have performed ab initio calculations, which show that the 
super-tetragonal BFO phase exhibits a lower level of total energy than that of 
monoclinic BFO phase when BO phase is present [80].  These results can help 
understand the high leakage measured for the BFO samples with giant c/a ratio, where 
there is a poosible coexistence of small amount of highly conductive BO phase. This 






W on SRO/STO substrate, high resolution X-ray diffraction scan along L direction 
around (002) in the reciprocal space was measured from L value 1 to 2 (Figure 4.5 (a)). 
In addition to the diffraction peaks from STO, SRO and BFO, a peak at L = 1.43 was 
clearly shown, which is corresponding to (002) lattice spacing of β-BO phase. The L 
scan around (-103) also gives rise to the peak from this phase at L = 2.14 (Figure 4.5 (b)). 
(-103) Φ scans shown in Figure 4.5 (c)~(f) reveal the in-plane epitaxial relationship 
between BFO, BO, SRO and STO, demonstrating a four-fold symmetry. To establish a 
detailed crystal structure of this BO phase, reciprocal space mappings (RSM) were 
measured as shown in Figure 4.6. In the HL (002) RSM (Figure 4.6 (a)), a horizontally 
elongated peak of BO phase is shown to exist at L ~ 1.43, which is similar to the (002) 
RSM from BFO. This suggests an intimate contact between BFO and BO lattice in the 
film with a large degree of out-of-plane orientation. From a single peak in (-103) RSM 
(Figure 4.6 (b)), the BO phase was identified as a tetragonal β-BO with lattice 






Figure 4.5 High resolution X-ray diffraction L scans around diffraction peaks of (002) 
(a) and (-103) (b). (-103) Φ scans of BFO (c), BO (d), SRO (e), and STO (f) lattice for 
the BFO film sputtered at 180 W on SRO/STO substrate. 
 
The presence of BO phase at high growth rate but not at low rate can be understood as 
follows. As the growth rate increases, more Bi would be stabilized as BO phase in the 
films due to more Bi atoms being sputtered with less time allowed to be evaporated. The 
BFO films grown at very high oxygen pressure also show the existence of BO phase in 
two previous reports [31, 81]. In both reports (Figure 4(a) in Ref. [31] and Figure 1 in 
Ref. [81]), there was an unidentified peak in the X-ray diffraction (XRD) spectrum at 2θ 
~ 39°, corresponding to the (002) peak of super-tetragonal BFO phase. In our previous 




to BO phase was also observed, in addition to the strong peaks of the two tetragonal 
phases of BFO (not shown). Therefore, the super-tetragonal BFO phase was indeed in 
coexistence with the BO phase on STO substrates.  In addition, the BO phase shares the 
same tetragonal symmetry with a reasonable lattice mismatch with super-tetragonal 
BFO phase. These observations lead us to speculate of the possible contribution of BO 
phase to the formation of super-tetragonal BFO phase. 
 
 
Figure 4.6 (a) (002) HL, (b) (-103) HL reciprocal space mappings of BFO film 
sputtered at 180 W on SRO/STO substrate. 
 
In order to confirm the role of BO phase played in triggering the formation of 
super-tetragonal BFO phase, BFO film of 180 nm in thickness was grown on 
BO-buffered SRO/STO substrate at a sputtering power of 120 W. This growth rate has 
been demonstrated to lead to monoclinic MA phase for the BFO film deposited on 




BFO film grown with BO buffer layer shows a (002) peak corresponding to the 
super-tetragonal phase (thick line) while the film grown directly on SRO-buffered STO 
substrate shows a (002) peak with lattice spacing of monoclinic phase (thin line). The L 
scan around (-103) in Figure 4.7 (b) also confirms the super-tetragonal phase being 
induced in the BFO film deposited on BO buffer layer. HL reciprocal space mappings of 
(002) (Figure 4.7 (c)) and (-103) (Figure 4.7 (d)) were measured to determine the 
detailed structure of the BO-buffered BFO film grown on SRO/STO substrate. In both 
mappings, the BFO phase shows a single peak, indicating a tetragonal symmetry. Also, 
the BO phase shows the same tetragonal symmetry as in the BFO film grown at 180 W 
in Figure 4.6. The lattice parameters for BO buffer layer are a = 8.230 (2), c = 5.397 (1) 
Å, while those for the BFO phase are a = 3.782 (2), c = 4.681 (1) Å.  
 
The real space arrangement of BFO phase and BO phase in 180W sample is studied 
using AFM and cross-section TEM, in order to clarify how BO phase can stabilize the 
super-tetragonal BFO phase on STO substrate. The in-plane AFM image (Figure 4.8 (a)) 
shows a large amount of square-like outgrowth from the surface of BFO film sputtered 
at 180 W. This outgrowth was also shown in a previous report of BO excess films 
[83]. From the TEM cross-section image (Figure 4.8 (b)), the outgrowth island is about 
40 nm in height. For the elementary distribution in the film, EDX mappings reveal that 




intensity at the interface between the film and island. Therefore, the island outgrowth is 
introduced by BO phase presented in the film. At the BFO/SRO interface, the Bi 
element shows a higher intensity than Fe. This implies that BO phase acts as an inducing 




Figure 4.7 High resolution L scans of (002) (a) and (-103) (b) for BFO thin films 
grown at 120 W with (thick lines) and without BO (thin lines) buffer layer on 
SRO/STO substrate. (c) (002) HL, (d) (-103) HL reciprocal space mappings of 120 W 







Figure 4.8 (a) In-plane AFM image with the scan area 2 by 2 μm. (b) Cross-section 
TEM image and EDX mapping with image (c), Bi M edge (d) and Fe K edge (e) of the 
BFO film sputtered at 180 W on SRO/STO substrate. 
 
The experimental results of BFO lattice derived from high resolution TEM study of the 
film sputtered at 180 W on SRO/STO substrate agree well with that of the XRD result, 
i.e., c ~ 4.6 Å, as shown in Figure 4.9 (a). The single-crystal like lattice of BO phase in 
the BFO film grown at 180 W is also consistent with XRD data. Two types of 
relationship between BO phase and BFO super-tetragonal phase were generally found in 
the film, which is consistent with EDX mappings. One is the existence of BO phase at 
the BFO/SRO interface (Figure 4.9 (c)), acting as a buffer layer for the growth of BFO 




phases, leading to the formation of island outgrowths at the film surface, as shown in 
Figure 4.9 (d). A further common phenomenon is that dislocations and disorders of 
atomic arrangement occur around the region of BO phase to accommodate the lattice 
mismatches, which can be seen around the dashed lines in the TEM images of Figure 4.9 
(c) and (d).  
 
 
Figure 4.9 High resolution bright field TEM images of the BFO super-tetragonal 
lattice (a) and BO lattice (b) in the film sputtered at 180 W on SRO-buffered STO 
substrate. (c) BO lattice at the BFO/SRO interface, (d) BO lattice sandwiched between 





Based on the XRD and TEM results, a structure model is proposed to clarify the 
arrangement of BFO lattice with BO phase in the BFO film. The tetragonal β-BO lattice, 
as outlined with a, b and c axes in Figure 4.10 (a), has a 45° in-plane relationship with 
the cubic δ-BO lattice. As the in-plane lattice parameter of the super-tetragonal BFO 
phase (a = 3.779 Å) is about half of β-BO phase (a = 7.913 Å), there would be four unit 
cells of BFO lattice on one unit cell of BO lattice. One of the BFO unit cells is drawn in 
Figure 4.10 (a). The cross-section view of the SRO/BO/BFO lattice in the ac plane is 
shown in Figure 4.10 (b). The in-plane lattice mismatch between SRO (a = 3.962 Å) and 
BO is only ~0.1%. Therefore BO phase can easily grow epitaxially on SRO/STO 
substrate. Although the lattice mismatch between BO and super-tetragonal BFO is about 
~4.5%, which is quite large for epitaxial growth, experimentally it was found that BO 
phase prompts the formation of BFO super-tetragonal phase rather than monoclinic 







Figure 4.10 (a) Three dimensional schematic interface structure model for BFO and 
BO lattice, the oxygen atoms in the BO lattice were not included for easier 
visualization. (b) Cross-section view of the SRO/BO/BFO lattice in the ac plane. 
 
4.4   Summary 
 
In summary, epitaxial BFO thin films were deposited on STO (001) substrates at 
different growth rates by varying the RF sputtering power from 30 to 180 W. Two phase 
transitions were identified by high resolution X-ray diffraction RSM, from the 
monoclinic phase to a mixture tetragonal phases of T1 and T2, then to a single 
super-tetragonal T2 phase. The super-tetragonal phase is formed at sputtering power 




transitions promise as an alternative pathway to control new phases in ferroelectric 
epitaxial thin films. 
 
By detailed structure analyses using high resolution synchrotron X-ray diffraction, a 
parasitic β-BO phase is identified to coexist with the super-tetragonal BFO phase in 
BFO film deposited at sputtering power of 180 W on SRO/STO substrate. At a fixed 
sputtering power of 120 W, the BFO film grown directly on SRO/STO substrate shows a 
monoclinic phase, whereas the BFO film deposited on BO-buffered SRO/STO substrate 
demonstrates a super-tetragonal phase. This result confirms that the parasitic β-BO 
phase is largely responsible for the formation of super-tetragonal BFO phase in the film 
deposited on STO substrates. By combined XRD, AFM and TEM studies, the detailed 
lattice alignment relationship of β-BO phase and super-tetragonal BFO phase in the film 
is clarified, showing four super-tetragonal BFO lattices match one BO lattice in the 
in-plane dimension. The experimental results are supported by the ab initio calculations 
conducted by one of our collaborators [80], where the super-tetragonal BFO phase is 
shown to be more stable than monoclinic phase when BO is present.  
 
BO phase is known to be highly conductive [83]. It could act as a bottom electrode and 
buffer layer of inducing super-tetragonal BFO phase at the same time. This opens an 




(for example, STO) and even polycrystalline substrates, when the BO phase is properly 
controlled as a buffer layer. In a previous report [84], parasitic iron oxide is 
demonstrated to modify the strain relaxation process and improve the magnetic 
properties of multiphase Bi-Fe-O films while maintain the insulating behaviour. The 
experimental results in the present work, together with those of previous reports, 
indicate that parasitic phases are not always detrimental to the physical properties of 





Chapter 5. HIGHLY STRAINED EPITAXIAL BiFeO3 




5.1   Introduction 
 
In most of the previous reports, highly compressive strained BFO films are deposited 
on LAO (001) substrates with a large lattice mismatch of ~ 4.5 %, which show a 
monoclinic MC structure [52, 64]. According to the first principles calculations [54], 
when deposited on substrates with higher compressive strain than LAO, the BFO film 
will form super-tetragonal phase with the space group of P4mm. However, strict 
super-tetragonal BFO phase has not been experimentally demonstrated. Strictly 
super-tetragonal BFO phase is interesting, as the polarization is predicted to be ~150 
μC/cm2 along <001> direction from theoretical calculations [54]. This giant 
polarization value is of promising value for device applications such as in random 





To obtain the strict super-tetragonal phase BFO film, two approaches are taken in this 
chapter. The first one is to use substrates with higher compressive strain than LAO. 
One such candidate of single crystal substrate with smaller in-plane lattice parameter is 
orthorhombic YAlO3 (YAO) (110), which gives a 6.9% compressive strain. However, 
the fully strained BFO film grown on YAO is reported to be in a monoclinic MC phase 
[50]. This is probably due to the anisotropic in-plane strain due to the orthorhombic 
symmetry of YAO substrate. In fact, the fully strain driven super-tetragonal undoped 
BFO phase has not been demonstrated experimentally. Single crystal NdCaAlO4 
(NCAO) substrate exhibits a tetragonal lattice with a = b = 3.685 Å, c = 12.12 Å. The 
(001) oriented NCAO substrate has an in-plane compressive misfit strain of ~ 7% with 
BFO. In this chapter, NCAO substrate will be employed to grow BFO films for 
developing the super-tetragonal crystal structure. The second approach to obtain strict 
super-tetragonal phase is to grow ultrathin film on LAO (001) substrate. In the 
literature, no detailed crystal structure study has been made to BFO films less than 10 
nm on LAO (001) substrate [32, 50, 52, 53, 64]. It is interesting to see whether 
ultrathin film will show different crystal structure other than the observed monoclinic 
MC
The ferroelectric behaviour of tetragonal-like M
 phase. In the following two sections of this chapter, experimental results on the 
basis of these two approaches will be presented.  
 




has not been properly characterized experimentally as the rhombohedral-like MA phase 
start to merge when the film thickness reaches 25 nm [65]. The single tetragonal-like 
MC phase can only be obtained in very thin films below 25 nm in thickness, which is 
too leaky to measure reliable ferroelectric polarization. However, from the results in 
chapter 4, the super-tetragonal phase can form even for film with 180 nm in thickness 
when grown at high growth rate on (001) STO substrates, as this super-tetragonal 
phase is not strain driven and has no thickness limit. However, the large amount of 
conductive Bi2O3 phase impedes the ferroelectric measurement when grown on STO 
substrate. By employing the high compressive strain from LAO substrate, the amount 
of Bi2O3
5.2   Thickness Dependent Structure Evolution of BiFeO
 may well be reduced for the formation of super-tetragonal phase BFO at high 
growth rate. In section 5.4 of this chapter, the crystal structure and ferroelectric 
properties of BFO thin films deposited at different growth rates on SRO-buffered LAO 





 (001) Substrates 
Figure 5.1 shows XRD patterns of NCAO substrates (a) and BFO films with thickness 
of 30 nm (b), 180 nm (c) and 720 nm (d) on NCAO substrates, respectively. The 




peaks being observed. The out-of-plane lattice parameter c is around 12.12 Å, which is 
calculated from the 2θ angles. The XRD pattern of 30-nm-thick BFO film on NCAO 
substrates shows two diffraction peaks, labeled as BFO (001) and (002) in Figure 
5.1(b). These peaks agree with those of the super-tetragonal phase BFO, with 
out-of-plane lattice parameters around 4.6 Å. As the film thickness increases to 180 nm, 
besides the diffraction peaks (BFO-1) from the super-tetragonal phase BFO, two 
additional peaks occur in the XRD pattern, which are labeled by BFO-2 in Figure 5.1 
(c). The out-of-plane lattice constant of the new XRD peaks is close to that of bulk 
BFO, which is called bulk-like BFO phase here. This indicates a mixture of two BFO 
phases formed at the film thickness of 180 nm. For the 720 nm BFO film, strong 
diffraction peaks from only bulk-like BFO phase were observed. Therefore, from the 
XRD results, BFO film deposited on NCAO substrates shows a single super-tetragonal 
phase at 30 nm in film thickness, which then develops to the mixture two phases at 180 






Figure 5.1 X-ray diffraction patterns of NCAO substrates (a), BFO films with 
thickness of 30 nm (b), 180 nm (c) and 720 nm (d) on NCAO substrates. 
 
To characterize the detailed crystal structure of BFO films on NCAO (001) substrates, 
reciprocal space mappings from high resolution synchrotron X-ray diffraction were 
measured for all three samples. Figure 5.2 shows the (006) and (-109) RSM of 
30-nm-thick BFO film on NCAO substrates. Both mappings show a single diffraction 
peak from BFO film. This is different from the reported Mc phase BFO on LAO 
substrates [85], which shows a splitting of two or three peaks due to the monoclinic 
distortion of BFO lattice. The RSM results demonstrate the strict tetragonal symmetry 




parameters of this super-tetragonal phase BFO are measured to be a = 3.779 Å and c = 
4.662 Å, which gives a giant c/a of 1.23.  
 
 
Figure 5.2 (006) (a) and (-109) (b) HL reciprocal space mapping of 30-nm-thick BFO 
film on a NCAO substrate 
 
 
Figure 5.3 (006) (a) and (-109) (b) HL reciprocal space mapping of 180-nm-thick BFO 
film on a NCAO substrate 
 
For the 180-nm-thick BFO thin films on NCAO substrates, in agreement with the line 




located above and below the substrate peaks. The BFO peak at L ~ 6.1 has a 
out-of-plane lattice parameter of 3.995 Å, which is close to the lattice parameters of 
bulk BFO. While the other BFO peak at L ~ 5.2 corresponds to out-of-plane lattice 
parameter of 4.641 Å, which is consistent with the super-tetragonal BFO phase. The 
(-109) RSM gives the in-plane lattice parameters for these two phase. The lattice 
parameters are summarized in Table 4. In contrast to the phase mixture of BFO films 
on LAO substrates [32], we did not observe the two extra triclinic BFO phases on 
NCAO substrates. Instead, the two phases in the mixture on NCAO substrate are both 
tetragonal. This is similar to the phase mixture of BFO film induced by increasing 
sputtering power on STO substrates discussed in Chapter 4. Both STO and NCAO 
have strict square in-plane lattice, while LAO doesn’t have perpendicular in-plane 
lattice due to the rhombohedral symmetry at room temperature. This explains the strict 
tetragonal lattice of BFO film on STO and NCAO substrates but monoclinic lattice of 
BFO films on LAO substrates. The monoclinic distortion of BFO is due to the in-plane 






Figure 5.4 (006) (a) and (-109) (b) HL reciprocal space mapping of 720-nm-thick BFO 
film on a NCAO substrate 
 
As for the 720-nm-thick BFO film on NCAO substrate, the RSM in Figure 5.4 shows a 
single diffraction peak of BFO in both (006) and (-109) mappings, indicating 
tetragonal symmetry. The out-of-plane lattice parameter derived from the RSM is 
3.964 Å, which is extremely close to that of bulk BFO phase (3.96 Å). However, it has 
a strict tetragonal lattice instead of rhombohedral lattice of bulk BFO. This single BFO 
phase at 720 nm thickness is called bulk-like tetragonal phase. 
 







As a summary, Table 4 lists the evolution of thickness dependent phases and their 
lattice parameters for BFO films deposited on NCAO substrates. The strictly 
super-tetragonal BFO phase has been successfully demonstrated on NCAO (001) 
substrates, with a mismatch strain of -7%.  
 
5.3    Crystal Structure of BiFeO3 Thin Films on LaAlO3
 
Figure 5.5 shows XRD patterns of the BFO film grown directly on LAO (001) 
substrate. The BFO peaks (001) and (002), corresponds to the out-of-plane lattice 
constant c = 4.640 Å. The satellite peaks located around the main BFO peaks, which 
are labeled by small arrows in Figure 5.5, arise from the thickness fringes. This 
indicates an extremely smooth surface and interface of the as-grown BFO film. Due to 
the high crystallinity and smooth surface, the Kiessig oscillation is observed in the 
X-ray reflectivity curve in Figure 5.6 (a). From the oscillation peak positions, the film 
thickness of BFO is estimated to be 7.5 nm. The AFM image in Figure 5.6 (b) shows a 
single-unit-cell step structure of BFO film surface, demonstrating the step flow growth 








Figure 5.5 L scan of 7.5 nm BFO film on LAO (001) substrate 
 
 
Figure 5.6 X-ray reflectivity (a) and AFM topography image (b) of 7.5-nm-thick BFO 
film deposited on LAO (001) substrate 
 
To study the crystal symmetry of this ultrathin BFO film deposited on LAO (001) 




resolution XRD at SSLS. (002) HL RSM, as shown in Figure 5.7, indicates a splitting 
of BFO peaks along H direction. This splitting of BFO peaks follows from the LAO 
substrate, as can be seen from the two pairs of thickness fringes along L direction. The 
LAO substrate is known to be heavily twinned due to the phase transition during the 
heating and cooling of film growth [86], which induces the twins formed in BFO film. 
In the (002) KL mapping, the BFO shows only a single peak without any splitting. 
Therefore, the twin of BFO film is along H direction, not along K direction.  
 
 
Figure 5.7 (002) HL (a) and HK (b) reciprocal space mapping of 7.5-nm-thick BFO 







Figure 5.8 (-103) (a), enlarged (-103) around BFO peak (b), (0-13) (c) and (-1-13) (d) 
RSM of 7.5-nm-thick BFO film on LAO (001) substrate 
 
Figure 5.8 (a) shows the (-103) HL mapping, with the enlarged part around BFO being 
shown in Figure 5.8 (b). The BFO peak has similar splitting when compared to the 
(002) HL mapping, which is induced from the substrate twining structure along H 
direction. The (0-13) mapping shows two peaks and (-1-13) shows three peaks from 
BFO indicates the monoclinic symmetry of BFO film, as shown in Figure 5.8 (c) and 
(d). According to the standard peak splitting in the monoclinic phase (Figure 2.7), this 
BFO film belongs to MA phase with monoclinic distortion along K direction instead of 




strained BFO film of 20 nm in thickness deposited on LAO (001) substrate shows a 
MC phase [85, 87]. Interestingly, this reported MC phase BFO has a phase transition to 
MA phase BFO at around 150 °C [85]. The BFO film studied here has a film thickness 
of 7.5 nm, indicating that the high temperature MA phase BFO is formed at room 
temperature when the film thickness is reduced. This may result from the strong strain 
state at ultrathin film thickness below 10 nm, which stabilizes the meta-stable high 
temperature phase at room temperature. The lattice parameters of MA phase BFO for 
this BFO film are a = 3.790 Å, b = 3.771 Å, c = 4.640 Å, β =88.37°
5.4   Ferroelectric Behaviour of BiFeO
. This result 
suggests that even in ultrathin film on LAO substrate, BFO exhibit the monoclinic 
symmetry, not the strict super-tetragonal symmetry. This may due to the in-plane shear 
strain from the substrate because of rhomohedral symmetry of LAO.  
 
3 Thin Films on LaAlO3 (001) 
Substrates with SrRuO3
 
 Buffer Layer 
In this section, the ferroelectric behaviour of BFO thin films, deposited on LAO 
substrate with SRO as conductive buffer layer, will be discussed. Figure 5.9 shows the 
XRD pattern of the BFO thin films deposited on SRO-buffered LAO substrates, grown 
at different sputtering powers. For the BFO film deposited at 50 W, a single phase was 




phase. When the sputtering power increases to 100 W, in addition to this bulk-like 
phase, the super-tetragonal-like phase occurs, as labeled in Figure 5.9 (b). Also, the 
XRD pattern shows a small peak from Bi2O3 (BO). This is similar to what has been 
observed in the BFO films on SRO/STO (001) substrates in Chapter 4. Again, the 
higher sputtering power gives rise to the phase mixture with the presence of BO. The 
difference between the BFO films on STO and LAO substrates is that the 
super-tetragonal phase occurs at lower sputtering power on LAO than STO substrates. 
This indicates a strain effect from LAO substrate, which favors the formation of 
super-tetragonal phase BFO as they have closer in-plane lattice parameters. For the 
sputtering power of 120 W, the diffraction peaks from BO become stronger while the 
mixture phase of BFO remains, as shown in Figure 5.9 (c). The AFM images (Figure 
5.10) show a flat surface for 50 W film, a small amount of square-like outgrowth at 
100 W and a large amount of out-growth islands at 120 W. This also demonstrates 
more BO present in the BFO film as sputtering power increases, in agreement with 






Figure 5.9  X-ray diffraction patterns of BFO films grown at the sputtering power of 






Figure 5.10 AFM topography images of BFO films grown at the sputtering power of 






Figure 5.11 (002) (a) and (-103) (b) reciprocal space mapping of the BFO films grown 
at the sputtering power of 100 W on SRO-buffered LAO (001) substrates. (c) and (d) 
shows the enlarged (-103) diffraction peak for SRO and BFO, respectively.  
 
Reciprocal space mappings around (002) and (-103) were measured for the BFO films 
grown at 100 W on SRO-buffered LAO substrates, as shown in Figure 5.11. For SRO, 
it is very interesting to see that the diffraction peak split into two peaks in (002) RSM 
(Figure 5.11 (a)). Combined with the (-103) diffraction peaks in Figure 5.11 (b), SRO 
exhibits two tetragonal phases. The first SRO tetragonal phase T1 has lattice 
parameters of a = b = 3.959 Å, c = 3.935 Å, while the other SRO phase T2 has lattice 




in-plane lattice parameters. However, for the SRO film on LAO substrates before 
deposition of BFO layer, only a single diffraction peak was observed in (-103) RSM 
(Figure 5.12). The lattice parameters derived from the XRD are a = b = 3.883 Å, c = 
3.964 Å. This means that the growth of BFO top layer separates SRO into two phases. 
In addition, SRO T1 phase has close in-plane lattice constant with that of BFO 
bulk-like phase and SRO T2
 
 phase matches the super-tetragonal-like BFO phase. This 
indicates the possible strain effect from top BFO layer to the underneath SRO layer. 
Normally, it is expected that the bottom layer would constrain the lattice of the top 
layer during the growth process. However, we observe the different phenomena here. 
As a result of the formation of phase mixture in the top BFO layer, the bottom SRO 
layer also develops into two phases in order to accommodate the misfit strain from the 
BFO layer.  







Figure 5.13 Schematic illustration of diffraction patterns in reciprocal space mapping 
for (a) MA (b) MC phases without twinning rotation, (c) MA and (d) MC
From both (002) and (-103) RSM, two BFO diffraction peaks were observed, 
corresponding to the out-of-plane lattice constant of c = 4.031 Å and c = 4.662 Å, 
respectively. They are consistent with the bulk-like BFO phase and 
super-tetragonal-like BFO phase, respectively. To understand the strict symmetries of 
these BFO phases, the enlarged part of BFO peaks from (-103) RSM are shown in 
Figure 5.11 (c) and (d). It is clear that the BFO has two diffraction peaks in Figure 5.11 
 phases with 





(c) and three peaks in Figure 5.11 (d). This means that these two BFO phases are 
monoclinic MA and MC, respectively. The specific diffraction peaks of these two 
phases can be understood as follows. In Figure 5.13 (a) and (b), the standard 
diffraction patterns are drawn according to the special monoclinic distortion for MA 
and MC phases. However, the (H0L) RSM (-103) from BFO in Figure 5.11 (c) and (d) 
does not agree with any of them. If the twinning rotation occurs, the diffraction 
patterns would rotate, as indicated by the arrows in Figure 5.13 (a) and (b). The fully 
rotated monoclinic structure would give rise to the diffraction pattern drawn in Figure 
5.13 (c) and (d) for monoclinic MA and MC, respectively. The boxes in these two 
figures agree well with what have been observed for BFO from experiments. Therefore, 
the phase mixture of BFO consists of monoclinic MA phase with lattice parameters a = 
5.598 Å, b = 5.536 Å, c = 4.031 Å, β =89.54° and monoclinic MC phase with lattice 
parameters a = 3.707 Å, b = 3.718 Å, c = 4.662 Å, β =89.47°. For BFO MA phase, 
am/√2 = 3.959 Å, which is very close to the in-plane lattice parameter of SRO T1 phase. 
On the other hand, the in-plane lattice parameters of BFO MC and SRO T2 phase are 
very close. This also provides the evidence for the strain effect from BFO to SRO. The 
experimental results here also indicate, under certain film growth condition, a mixture 
of BFO different phases may have a lower total energy as compared to anyone of the 
single BFO phase involved. One possible schematic structure model is drawn in Figure 




by cross-sectional TEM study.  
 
 
Figure 5.14 Schematic illustration of the possible configuration for BFO MA  and MC 
phases on SRO T1 and T2
In the remaining part of this section, the ferroelectric behaviour of these BFO films on 
SRO-buffered LAO substrates will be discussed. Gold electrodes were deposited on 
top of the BFO film for the ferroelectric measurement, as mentioned in Chapter 2.5. 
The 50 W BFO film gives a very good square-like P-E hysteresis loop, as shown in 
Figure 5.15 (a). The remanent polarization is around 70 μC/cm
 phases on LAO (001) substrates 
 
2. This is comparable to 
the ferroelectric polarization measured for the monoclinic BFO film on SRO-buffered 
STO substrates [79]. For the phase mixture of BFO film at 100W, the hysteresis loop is 
not closed,as shown in Figure 5.15 (b). According to the Radiant manual, this type of 
hysteresis loop may well be due to the diode breakdown at one of the 
electrode-ferroelectric interface. As the BO phase may be located at SRO-BFO 




applied voltage increases. Figure 5.15 (c) shows the hysteresis loop for 120W BFO 
film. Due to the large amount of BO present in the film, the loop cannot be well 
saturated before breakdown.    
 
Figure 5.15 Ferroelectric hysteresis loops for BFO films grown at the sputtering power 
of 50 W (a), 100 W (b) and 120 W (c) on SRO-buffered LAO (001) substrates. 
 
As the in-plane lattice of SRO (3.93 Å) does not match well with LAO substrates (3.79 
Å), other conductive buffer layers with closer in-plane lattice constant should give rise 
to a better epitaxial growth of BFO phase with a giant c/a. LaNiO3 (LNO) is chosen as 
a conductive buffer layer, with an in-plane lattice constant of 3.83 Å, which is very 




from (-103) RSM indicates a coherent growth of LNO on LAO substrates. The LNO 
layer has the same H value with LAO substrates, indicating that the LNO buffer layer 
is fully strained on the substrate. Further work on the fully strained BFO film on the 
top of LNO buffer layer will be conducted. 
 
 
Figure 5.16 (-103) reciprocal space mapping of LNO film deposited on LAO (001) 
substrate  
 
5.5   Summary 
 




substrates [32], the large compressive strain of ~7% from NCAO (001) substrates 
constrain BFO film into a strictly super-tetragonal phase at the film thickness of ~30 
nm. At larger BFO film thickness, the fully strained super-tetragonal phase relaxes to a 
mixture of the super-tetragonal and bulk-like tetragonal BFO phase, and finally 
develops to a single bulk-like tetragonal phase. The super-tetragonal BFO phase has a 
c/a ~ 1.2 while the bulk-like tetragonal phase has a c/a ~ 1.02. This confirms that strict 
super-tetragonal BFO phase can be stabilized by an extremely high compressive strain 
around 7%. 
 
For the ultrathin BFO film grown on LAO (001) substrate, our X-ray diffraction results 
show a monoclinic MA structure, instead of the strict super-tetragonal phase. Due to 
the in-plane shear strain from LAO substrate and anisotropic strain from YAlO3 
For the BFO thin films grown on SRO-buffered LAO (001) substrates, growth rate 
induces a phase transition from a single monoclinic M
(YAO) 
(110) substrate, fully strained BFO films on these two substrates show a monoclinic 
symmetry [50, 87]. The super-tetragonal BFO phase can be stabilized on NCAO 
substrate due to the tetragonal symmetry of the substrate. These observations suggest 
that not only the in-plane lattice dimension affects the film symmetry, the shear 
distortion and anisotropy of in-plane lattice also changes the film structure.  
 




monoclinic MC phase with a giant c/a ratio and monoclinic MA phase. The possible 
origin for this phase transition is related to the role of BO in the film growth process. 
The strain effect from the top BFO phase mixture layer on SRO layer may give rise to 
the phase separation of SRO into two tetragonal phases. The remanent polarization for 
monoclinic BFO film deposited at 50 W on LAO substrate is measured to be around 70 
μC/cm2
 
, which is comparable to the ferroelectric polarization of monoclinic BFO film 
on SRO-buffered STO substrates. The ferroelectric behaviour of the super-tetragonal 
BFO phase deposited on SRO-buffered LAO (001) substrate cannot be properly 












Chapter 6. CONCLUSIONS AND FUTURE WORK 
 
6.1   Conclusions 
 
In this project, a systematic investigation has been made into the crystal structures and 
ferroelectric behaviour of BFO epitaxial thin films deposited on different substrates. 
Several new phenomena have been observed and studied, concerning the film growth, 
phase control, crystal structure and ferroelectric behavior of different BFO phases. .  
  
Radio frequency (RF) sputtering is used to grow the epitaxial BFO thin films. The effect 
of various sputtering parameters on the film quality has been studied, including the 
target composition, gas pressure, oxygen pressure, sputtering power, sputtering time 
and temperature. By optimizing these conditions, high quality BFO films with desired 
epitaxial growth and low leakage are obtained. RF sputtering generally results in films 
with rougher surface and lower epitaxial quality as compared to pulse laser deposition 
(PLD) and molecular beam epitaxy (MBE). However, high quality films are 






In general, the crystal phases for BFO epitaxial thin films can be controlled by strain 
engineering, in which the BFO lattice follows the single crystal substrates by fully 
coherent growth. It is found that high compressive strain of around 7% induces the 
super-tetragonal phase, ~ 4.5% compressive strain results in monoclinic phase with a 
giant c/a ~ 1.2, and a small compressive strain of 1.5% leads to the monoclinic phase 
with a small c/a ~ 1.0. The disadvantage of the strain engineering is the thickness limit 
of fully strained film, as above the critical thickness (~50 nm) the structure tends to 
relax back to bulk structure. For the formation of super-tetragonal BFO phase, a new 
approach has been demonstrated in this work, whereby BO is used as a buffer layer to 
induce the phase transition from monoclinic to super-tetragonal phase. The advantage 
of this approach is that much thicker films (~200 nm) with single super-tetragonal 
phase can be successfully obtained.  
  
For BFO films grown on SRO-buffered STO (001) substrates, tetragonal, monoclinic 
and the super-tetragonal BFO phases can be formed depending on the growth 
condition. At a low sputtering power below 120 W, tetragonal BFO phase is developed 
for the film thickness less than 30 nm, while monoclinic BFO phase is obtained for 
film thickness in the range of 180 to 720 nm. The super-tetragonal BFO phase is 





Studies of monoclinic BFO phase using high-resolution synchrotron X-ray diffraction 
reveal a new rotated twinning structure, which leads to the formation of vertical 
domain walls. As a result of the elongation of polarization direction and rotation of 
twinning blocks, the remanent polarization is significantly enhanced along the 
measured (001) direction and the leakage current density is greatly reduced. For the 
strain effect on ferroelectric polarization of monoclinic BFO phase, our results show 
that remanent polarization increases as the film thickness increases to 450 nm and then 
decreases from 450 nm to 720 nm. The polarization has a strong dependence on the 
body diagonal length of distorted pseudocubic unit cell, indicating that the distortion in 
polarization direction is the critical factor that determines the remanent polarization. 
This agrees with the theoretical understanding that ionic displacement along the 
polarization direction is the main contribution to the measured polarization. 
 
The formation of super-tetragonal BFO phase on STO substrates at high sputtering 
power contradicts the prediction from strain phase diagram, which shows that it is 
highly unlikely to form the super-tetragonal phase on STO substrate. By detailed 
structure analyses, the parasitic β-BO phase is identified to be responsible for the 
formation of super-tetragonal BFO phase in the thin film deposited on STO substrates. 




clarified, which shows four super-tetragonal BFO lattices match one BO lattice in the 
in-plane dimension. This opens an alternative formation route for the super-tetragonal 
BFO phase on single crystal substrates.  
 
The large compressive strain of ~7% from NCAO substrates constrains BFO film into 
a strictly super-tetragonal phase at the film thickness about 30 nm. With increasing 
BFO film thickness, the fully strained super-tetragonal phase relaxes to a mixture of 
super-tetragonal and tetragonal BFO phase with a c/a ~ 1.2, and finally develops to a 
single tetragonal phase with a c/a ~ 1.02. This confirms that the strict super-tetragonal 
BFO phase can be stabilized by extremely high compressive strain around 7%.  
 
For the ultrathin BFO film grown on LAO (001) substrate, X-ray diffraction show a 
monoclinic MA structure, instead of the widely reported MC phase. For the BFO films 
grown on SRO-buffered LAO (001) substrates, growth rate induces a phase transition 
from a single monoclinic MA phase to a phase mixture of monoclinic MC phase with a 
giant c/a and monoclinic MA phase. The origin for this phase transition is related to the 
role of BO in the film growth process, although detailed structure study by TEM has 
not been performed. Interestingly, the top BFO layer of mixture phase on SRO layer 
may give rise to the phase separation of SRO into two tetragonal phases. This shows a 




detailed study in the future to better understand the formation mechanism of BFO 
phase mixture. 
 
6.2   Suggestions for Future Work 
 
Although epitaxial BFO thin films have been extensively studied for almost ten years, 
there are still several fundamental issues to be properly addressed before the real 
device applications. Here we propose several topics to be investigated in the future. 
  
i) The super-tetragonal BFO phase has a greatly distorted lattice and potentially 
possesses giant polarization and electromechanical response, which makes it 
interesting for both fundamental study and practical device applications. Intrinsic 
ferroelectric and piezoelectric characterization for this super-tetragonal phase 
demands the growth of high insulating BFO thin films. Future investigation should 
be made to obtain high quality super-tetragonal BFO films with proper conductive 
bottom layer, by either strain engineering or employing the BO buffer layer or 
both.  
 
ii) Orthorhombic BFO phase has never been demonstrated experimentally. The first 




large tensile strain around 8% in (001) orientation [56], which cannot be realized 
experimentally, because of the lack in appropriate substrates available. Another 
theoretical calculation illustrates that orthorhombic BFO phase can also be formed 
under large compressive strain in (110) orientation films [60]. Interestingly, this 
phase is predicted to be paraelectric and has unique optical behavior. This may be 
of interest for the photovoltaic study of BFO orthorhombic phase films. Future 
work on the growth and electric characterization of the orthorhombic phase BFO 
films would complete the strain phase diagram of BFO system and provide a better 
understanding on the phase control in ferroelectric thin films. 
 
iii) Although different BFO phases, such as monoclinic and tetragonal, in epitaxial thin 
films have been demonstrated to have superior properties than the rhombohedral 
phase of bulk single crystal, detailed structure information on the atomic positions 
and chemical bonding for these phases is still missing. Single crystal X-ray 
diffraction is a standard method to completely solve the crystal structure. It can 
provide the accurate electron density map in the unit cell, which leads to all 
structure information at atomic level. As the epitaxial thin films are close to single 
crystal, it is possible to employ this method to solve the crystal structures of new 
BFO phases in epitaxial thin films that are otherwise not available in the bulk form. 




rhombohedral single crystal, which indicates this method is applicable on epitaxial 
thin film samples. Future study of other BFO phases would help to understand how 
the atoms react under specific strain conditions and the ferroelectric origin of BFO 
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